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ABSTRACT
REGULATION OF ZOOPLANKTON VERTICAL MIGRATIONS 
BY LIGHT, FOOD, AND FISH
by
E lizab e th  S. McLean 
U n iversity  o f  New Hampshire, December, 1988
The re g u la tio n  of zooplankton v e r t ic a l  m ig ra tion  has been 
a t t r ib u te d  to  th e  physical environm ent, and, more re c e n tly , to  
b io lo g ic a l fa c to rs . This study evaluated  th e  In fluence of l ig h t ,  food 
and f i s h  on v e r t ic a l  m ig ra tio n  Laboratory experim ents q u a n tif ie d  
changes In  v e r t ic a l  m ig ra tio n s of Daohnla nulex in  t a l l  columns In  
response to  sh o rt term changes in  food concen tra tio n  and th e  presence 
of a f is h ,  under a wide range of n a tu ra l l ig h t  conditions.
A s tim u lu s -th re sh o ld  model p red ic ted  the  tim e o f the  s t a r t  o f 
m ig ra tio n  from a th resh o ld  r a te  o f r e la t iv e  l ig h t  in te n s i ty  change. 
Hypotheses th a t  m ig ra tio n s fo llow  lso p le th s  o f l i g h t  In te n s ity , and 
th a t  v e lo c ity  of m ig ra tion  i s  d i re c t ly  c o rre la te d  to  r e la t iv e  r a te  of 
l ig h t  in te n s i ty  change, were not supported. C oncentrations o f 
C h lo ra lla  apt had l i t t l e  In fluence on th e  tim ing, am plitude, or 
v e lo c ity  of m igration . There was evidence o f a sensory response of 
Daphnla pulex to  th e  sh o rt term  presence of a f is h  in  the columns.
With a f i s h  p resen t, p re -m ig ra tio n  population  depths were deeper. This 
response ceased w ith in  24 hours a f t e r  removing th e  f is h . Ju v en ile  
Daphnia nulex s ta r te d  th e i r  m ig ra tio n s from shallow er depths in  the
xv i
columns, and o th erw ise  m igrated  s im ila r ly  to  ad u lts .
F ie ld  s tu d ie s  of zooplankton v e r t ic a l  m ig ra tion  w ere conducted on 
fo u r New Hampshire lakes. The lak es  v a ried  In  food concen tra tions, and 
a l l  contained p lank tivorous f is h . The f i e ld  r e s u l t s  were co n s is ten t 
w ith  an avoidance of u l t r a - v io le t  r a d ia t io n  by zooplankton  Pre­
m ig ra tio n  depths w ere deeper in  w aters more tra n sp a ren t to  v i s ib le  
l ig h t .  Food s t r a t i f i c a t i o n  was c o rre la te d  w ith  am plitude and d ire c tio n  
of v e r t ic a l  m igration , and th e  d ire c tio n  o f m ig ra tion  was apparen tly  
in flu en ced  by th e  phytoplankbon com position  Although p lank tivorous 
f is h  w ere p resen t in  th e  la k e s , the zooplankton did not take advantage 
of p o ss ib le  l ig h t  re fu g ia . F ish density  d id  not s ig n if ic a n tly  a f f e c t  
v e r t ic a l  m ig ra tio n a  In v e rte b ra te  p redation  was n o t s u f f ic ie n t  to  
ex p la in  rev e rse  m igrations.
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INTRODUCTION
The re g u la tio n  of zooplankton v e r t ic a l  m ig ra tio n s has o ften  been 
a t t r ib u te d  to  physical a sp ec ts  of th e  environm ent, e s p e c ia lly  l ig h t  
(eg. C larke 1930; Kikuchi 1937; Schallek  1942; H arris  and Wolfe 1955; 
R ingelberg 1964; Siebeck and Rlngelberg 1969), and o ccasio n a lly  pH and 
d isso lv ed  gases (Bayly 1963; LaRow 1970; Meyers 1980; Kring and O'Brien
1981), or tem perature  (Haney and Buchanan 1980; Calban and Mackerewlcz 
1982; G e rritse n  1982; G e lle r  1986). B io lo g ica l fa c to rs , Includ ing  
feed ing  (Hardy 1956, in  E nright 1977), m etabolic advantages (Enright 
1977; McLaren 1963), rep ro d u ctiv e  s t r a te g ie s  (David 1961; McLaren 
1974), and p red a to r avoidance (Z aret and S u ffem  1976; G liw icz 1986), 
have usu a lly  been proposed to  a c t  as u ltim a te  fa c to rs  ex p la in in g  th e  
s e le c t iv e  advantages o f m ig ra tion  behaviors. Feeding and p redator 
avoidance are  now recognized as proximal fa c to rs  as w e ll  (Haney 1988). 
C ircad ian  rhythms a re  thought to  u n d e rlie  m ig ra tio n s (H arris  1963; 
E nrigh t and Hamner 1967; Ringelberg and Servaas 1971). The p r in c ip a l 
goal of th i s  study was to  ev a lu a te  the  in flu en ce  of l ig h t ,  food 
co n cen tra tio n s, and the  presence of a p redato r, and th e i r  in te ra c t io n s ,  
on v e r t ic a l  m ig ra tio n
Current hypotheses of l i g h t  co n tro l of v e r t ic a l  m ig ra tio n  dev­
eloped from observ a tio n s  th a t  zooplankton avoid the b r ig h tly  l i t  su r ­
face  w aters  in  f re sh  and s a l t  w ater (Cuvier 1817 and B ellinghausen 1819 
in  Bayly 1987; Bogorov 1946). Negative phototroplsm  and p o s itiv e  
g e o tax is  in  b r ig h t d a y lig h t w ere proposed as the mechanisms c o n tro llin g  
avoidance of th e  su rfao e  by zooplankton (Dice 1914 in  Cushing 1951;
1
E ste r le y  1917)* The body o r ie n ta tio n  of zo o p lan k ters  In  th e  w ater 
column was a t t r ib u te d  to  chemloal cues a l te r in g  th e  p h o to ta c tic  
re a c tio n  of zooplankton  For example, r e v e rs a ls  In  photo tax is could be 
induced in  th e  lab o ra to ry  by pH changes (Baylor and Smith 1957). A 
g e o ta c tic  response h e lp s  Daohnla maana o r ie n t  v e r t ic a l ly  (G rosser, 
e t .a l .  1953). However, experim ents w ith  l i g h t  g rad ie n ts  in  
h o r iz o n ta lly  placed tubes in d ic a te d  th a t  fo r  many zooplankters g so tax ls  
was probably not involved in  th e  l ig h t  response (Clarke 1930; Schalleck  
1943). A preferendum hypothesis fo r  the  l i g h t  con tro l of v e r t ic a l  
m ig ra tio n s  may be derived  from these  observations: zooplankton a d ju s t 
th e i r  d is t r ib u t io n  i n  order to  rem ain a t  the  depth of a  p a r t ic u la r  
l i g h t  in te n s i ty  and tra c k  an is o p le th  of l i g h t  in te n s ity . This r e s u l t s  
in  v e r t ic a l  movements of zooplankton upward i n  the  evening and down in  
the  morning. Few c r i t i c a l  s tu d ie s  have provided support fo r  th i s  
mechanism (eg Boden and Kampa 1967; Forward, a t .a l .  1Q84).
Clarke (1930) proposed an a l te rn a t iv e  hypo thesis: th e  r a te  of 
change in  the ab so lu te  l ig h t  in te n s i ty  s tim u la ted  the zooplankton to  
i n i t i a t e  m ig ra tio n  Laboratory experim ents have since shown th a t  
Daphnla magna respond to  a s e t  o f  in stan tan eo u s l i g h t  changes w ith  a 
p o s itiv e  pho to tax is  (Ringelberg 1964); and th a t  th e i r  response i s  to  a 
th re sh o ld  le v e l o f r e la t iv e  change in  the l i g h t  in te n s i ty  r a th e r  than 
to  an ab so lu te  magnitude of change (Ringelberg 1964). R ingelberg 
proposed th i s  s tim u lu s-th re sh o ld  a s  a tim er o r Z eltgeber, i n i t i a t i n g  
upward v e r t ic a l  m igrations. C larke (1930) recognized  th a t  changes in  
l i g h t  in te n s i ty  produced the changes in  swimming a c t iv i ty  and 
o r ie n ta t io n  r e s u l t in g  in  v e r t ic a l  m igrations, w h ile  R ingelberg 's 
re fin em en t allowed fo r  th e  co n tin u a l ad ap ta tio n  of the  eye to  changing
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l i g h t  in te n s i t ie s .  F ie ld  s tu d ie s  provide some support fo r  s tim u lu s- 
th resh o ld  oon tro l by l ig h t  fo r  th e  onse t of evening a c t iv i t i e s .  Haney 
and H all (1975) showed th a t  fo r  Daphnla such a s tim u lu s-th re sh o ld  model 
p red ic ted  th e  i n i t i a t i o n  of evening v e r t ic a l  m ig ra tlo n a  In  stream s, 
mayfly la rv a e  (Leptophiabia and Ephemeralla) i n i t i a t e  t h e i r  evening 
d r i f t  a c t iv i ty  a t  a tim e p re d ic ta b le  from th e  s tim ulus (Haney, a t .a i .  
1983). V3ute, a t .a l .  (1074) suggest th a t  pond b a ts  (Mvotls 
dasvcenema) begin  th e i r  evening f l i g h t  a t  a  th resho ld  o f r e la t iv e  
decrease in  l i g h t  in te n s ity .
There i s  evidence th a t  th e  r e la t iv e  r a t e  of l ig h t  change may 
co n tro l the  m ig ra tio n  v e lo c ity  of zooplankton  The r e l a t iv e  r a te  o f 
change of l ig h t  in te n s i ty  shows a  p o s itiv e  c o r re la tio n  w ith  swimming 
v e lo c ity  fo r  in d iv id u a ls  o f  Daphnla maena in  experim ental tanks (Daan 
and R ingelberg 1969). In  ad d itio n , th e  v e lo c ity  of m ig ra ting  
populations o f  Chaoborus i n  th e  f i e ld  a lso  c o r re la te s  p o s it iv e ly  w ith  
th e  stim u lus (Haney, a t .a l .  1987). I t  i s  p o ss ib le  th a t  a  s tim u lu s- 
v e lo c ity  model holds fo r  m ig ra tin g  zooplankton in  general.
The p o s it io n  of zooplankton popu la tions i n  th e  w ater oolumn p r io r  
to  the  upward m ig ra tio n  may a lso  be reg u la ted  by l ig h t  in te n s i ty .  
H airston  (1976) dem onstrated in  th e  lab o ra to ry  th a t  i n t e n s i t i e s  
of u l t r a - v io le t  B and near b lue ra d ia tio n  equal to  those a t  lake 
su rfaces  r e s u l t  in  cum ulative damage to  zooplankton  Such damage can 
cause 50Jf m o rta li ty  i n  4 -  8 days (Ringelberg, e t .a l .  1984). H airston  
(1976) proposed th a t  zooplankton populations would avoid th ese  
w avelengths (290-350 nm) by rem aining deeper during  the  day, and would 
then m igrate  upward a t  night.
The evidence fo r  oon tro l of v e r t ic a l  m ig ra tio n s by food a v a il­
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a b i l i ty  i s  m ostly in d ire c t. In  an experim ental column, the mean depth 
of a  Daohnla magna popu la tion  ro se  im m ediately in  response to  th e  
a d d it io n  of concentrated  food, even when th e  food was in troduced  to  the 
bottom of the column (Haney and Buchanan 1980). In  oon trast, extrem ely 
low food co n cen tra tio n s  may be asso c ia ted  w ith  th e  reduction  or near 
e lim in a tio n  of an evening m ig ra tio n  (Huntley and Brooks 1982; Dagg 
1985; Johnsen and Jakobsen 1987). Also, s ta rv a t io n  cond itions may 
favo r zooplankton w ith  the g re a te s t  energy re se rv e s  (Goulden and Hornig 
1980; Dagg 1985) o r  to le ran ce  fo r  s ta rv a t io n  (Borchers and Hutchings 
1986). Changes i n  the  com position of a zooplankton community could 
a l t e r  th e  ex ten t and tim ing o f the  m ig ra tio n s  observed.
Feeding a c t iv i ty ,  although not shown to  have a d ire c t e f f e c t  on 
v e r t ic a l  m igration , i s  known to  follow  a s im ila r  d ie l  p a tte rn  (Mackas 
and Bohrer 1976; Haney and H all 1975; S tarkw eather 1975). The lo c a tio n  
of s t r a t a  of e d ib le  p a r t ic u la te s  or n u tr ie n ts  may w e ll in te ra c t  w ith  
such feed ing  cy c les  to  a l t e r  th e  m ig ration  (scyphozoan medusae, Hamner 
and Hauri 1981; Daphnla and Eudiaptom ua. Lamport and Taylor 1985; 
Daphnla. Pijanowska and Dawidowlcz 1987). In  ad d itio n , zooplankton 
a re  o f te n  asso c ia ted  w ith  maxima of ch lo rophy ll a in  the v e r t ic a l  
p ro f i le  o f the  w ater oolumn (George 1983; P affen h o ffe r 1983; Southward 
and B a re t t  1 983).
The g e n e ra liz a tio n s  th a t  th e  prey of v e r te b ra te  p redators elude 
cap ture by avoiding encounters, w hile  those  su sc e p tib le  to  cap tu re  by 
in v e r te b ra te s  tend to  develop means of escaping from capture (Vermelj
1982), appear to  apply to  zooplankton a s  w e ll a s  to  o th er anim als. 
V e rtic a l m ig ra tio n s a re  be lieved  by some to  have evolved as a means of 
avoiding encounters w ith  v is u a l  p redato rs, s p e c i f ic a l ly  fls tk  Z a re t and
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S uffern  (1976) suggested th a t  zooplankton m ain ta in  a  g re a te r  day depth, 
and so m igrate  from g re a te r  depths, when v isu a l  p red a to rs  a re  p resen t 
i n  th e  system. G liw icz (1986) noted th a t  fo r  lak es  in  th e  Tatra 
Mountains th e re  i s  a p o s itiv e  c o r re la tio n  between the len g th  of tim e 
s in ce  f is h  had been in troduced  and th e  degree of m igration  behavior 
shown by the cyclopoid  oopepod Cyclops abhvaorum. The a d d itio n  of 
p lank tivorous f is h  to  a lak e  has re su lte d  in  v e r t ic a l  m ig ra tion  by 
Chaoborua where none was previously  observed (Luecke 1986), and may 
have re su lte d  in  changes in  already e x is tin g  m ig ra tion  p a t te rn s  fo r  
Daphnla oulex (K ltc h e ll and K ltc h e ll 1980). In  some oases seasonal 
d iffe re n c e s  in  th e  e x te n t of th e  m ig ra tio n s  may be due to  v a r ia t io n s  in  
p redato r a c t iv i ty  (S tich  and Lamport 1981). Because of th e  r e la t iv e ly  
s h o r t  g enera tion  tim e of most zooplankters, i t  i s  g en e ra lly  assumed 
th a t  these seasonal d iffe re n c e s  a re  most l ik e ly  an ad ap ta tio n  to  l iv in g  
in  system s w ith  f is h ,  ra th e r  than a proximal response to  th e i r  presence.
Zooplankters have been shown capable of responding to  the 
im m ediate presence of a f is h  w ith  f le e in g  a c tio n s  (Drenner, e t .a l .
1978). Only re c e n tly  has th e re  been support fo r  the  id ea  th a t  v e r t ic a l  
m ig ra tio n  m ight be reg u la ted  by a sensory response to  p red a tio n  
(Johnson and Jakobsen 1987; Lei bold 1988 in  Haney 1988; S t i r l in g  1988).
I t  i s  u nclear how th e  presence of Ju v en ile s  in flu en o es  v e r t ic a l  
m ig ra tio n s  Some f i e ld  o bservations in d ic a te  th a t  Ju v e n ile s  m igrate 
fu r th e r ,  w h ile  o th e rs  In d ic a te  they m igrate  le s s e r  d is tan o es  than 
a d u lts  (Fennak 1944). I t  has a lso  been observed th a t  Ju v en ile  zoo­
plankton  m ig ra te  fo r  a  longer tim e and mere slow ly than a d u lts  
(Hutchinson 1967). Juday (1904) found th a t  copepodltes and sometimes 
Ju v en ile  Danhnia would m ig ra te  fu r th e r  and a r r iv e  a t  th e  surface sooner
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than  a d u lt anim al & Dini afc-ai. {1 9 8 7 ), found only th e  la rg e s t  
Daphnla. g re a te r  than 1.4 mm in  body leng th , m igrated In  t h e i r  system.
The data c o lle c te d  fo r  th i s  study were used to  evaluate  th re e  
models fo r  co n tro l of v e r t ic a l  m ig ra tio n s  by l ig h t :  th e  {referendum 
hypothesis, th e  s tim u lu s-th re sh o ld  model, and th e  s tim u lu s -v e lo c ity  
model. The preferendum hypothesis p re d ic ts  th a t  zooplankton w i l l  
m ain ta in  a day depth corresponding to  a p a r t ic u la r  l i g h t  In te n s ity , and 
w i l l  follow  th e  lso p le tb  o f th a t  l i g h t  in te n s ity  upward In  th e  evenlngi 
The s tim u lu s -th re sh o ld  model p re d ic ts  th a t  popu la tions w il l  begin to  
m ig ra te  when th e  r e la t iv e  r a te  of change of l ig h t  in te n s i ty  reaches a 
c e r ta in  th re sh o ld  value. The s tim u lu s -v e lo c ity  model p re d ic ts  th a t  
m ig ra tio n  v e lo c ity  i s  continuously reg u la ted  by th e  r e la t iv e  r a t e  of 
l i g h t  In te n s i ty  change.
Food co n cen tra tio n s  were in te n tio n a lly  varied  during  the  
experim ents to  a s se s s  the r e la t iv e  in flu en ce  o f food co n cen tra tio n  on 
th e  p re -m ig ra tio n  depths, am plitude and tim ing  of evening v e r t ic a l  
m igrations.
In  ad d itio n , the  study examined w hether a v is u a l  p redator, 
s p e c if ic a l ly  a f is h ,  can a l t e r  the  evening v e r t ic a l  m ig ra tio n  o f 
zooplankton v ia  sh o rt- te rm  sensory responses r a th e r  than  s t r i c t l y  by 
g en e tic  s e le c t io n  The e f fe c ts  of the  presence and absence of a f i s h  
on th e  param eters o f the m ig ra tion  — i n i t i a l  depth, am plitude, 
i n i t i a t i o n  tim e, and v e lo c ity  of the m ig ra tio n  — w ere evaluated  to  
provide in fo rm atio n  on how the  m ig ra tio n  behavior m ight change in  th e  
presence of a v isu a l predator. An experim ental chamber and p ro toco l 
allow ed th e  c o l le c t io n  of d a ta  on th e  m ig ra tion  of ju v e n ile s  of a  known 
range o f ages from one s e t  of paren ts. These data w i l l  add to  the
6
understanding of how models of v e r t ic a l  m ig ra tio n  based on a d u lt  
behavior may be In fluenced  by th e  age o r s iz e  s tru c tu re  of th e  
population .
Laboratory s tu d ie s  of v e r t ic a l  m ig ra tion  In  oolumns (eg  H arris 
and Wolfe 1955; LaRow 1970; Buchanan 1979; t h i s  study) provide d e ta ile d  
in fo rm atio n  from a co n tro lle d  environment. Such d a ta  allow analyses 
o f how a popu la tion  w i l l  respond to  known co n d itio n s  over sh o rt time 
spana C o lle c tio n  of eq u a lly  d e ta ile d  d a ta  i s  n o t p ra c tic a l In  f ie ld  
s tu d ie s , even when p a r t ic u la r  e f f o r t  i s  made to  ga ther freq u en t, 
l im ite d  sam ples (eg  E nrigh t and Honneger 1 977). This I s ,  in  p a rt, 
because th e  r e s u l t s  a re  le s s  d ire c t  than v isu a l o b se rv a tio n a  Although 
f i e ld  sam ples d i f f e r  from those co lle c ted  i n  a co n tro lled  environment, 
they enable ev a lu a tio n  of th e  v a l id i ty  o f the  la b  r e s u l t s  fo r  w ild  
p o p u la tlo n a  They a lso  o f fe r  v a lu ab le  In s ig h t about f a c to rs  which 
through s im p lif ic a t io n  may have been e lim in a ted  from lab o ra to ry  
system a For th i s  study, a s e t  o f f ie ld  samples w ere taken from four 
o f  New Hampshire lak es  to  complement and v e r ify  th e  r e s u l t s  o f 
lab o ra to ry  o b se rv a tio n a  The la k e s  chosen had a range of food 
co n cen tra tio n s  s im ila r  to  those used In  the  lab o ra to ry , and a l l  




Experim ental Chamber and  Columns
An experim ental chamber fo r labo ra to ry  observ a tio n s  of v e r t ic a l  
m ig ra tio n  was designed to  s im ulate  the  n a tu ra l l i g h t  d is t r ib u t io n  in  a 
lake, and to  provide a s u f f ic ie n t  depth th a t  v e r t ic a l  d is t r ib u t io n s  and 
movements o f zooplankton populations could be compared to  th e  v e r t ic a l  
m ig ra tio n s  observed in  lakes. The chamber was constructed  in  th e  
Anadromous Fish and In v e rte b ra te  Research Lab (AFAIR Lab) near the  
Durham R eservo ir a t  th e  U niversity  of New Hampshire, Durham, New 
Hampshire. The chamber included two c le a r  c a s t- a c ry l ic  columns (4.2 m 
t a l l ,  8.65 cm inner d iam eter, and 2 mm w all), each con tain ing  21.5 1 of 
w ater, and placed in  a t e n t  of black p la s t ic ,  open a t  the top  (F igure 
1a). The te n t  created  a  l ig h t  in te n s i ty  g rad ien t i n  the oolumns 
approxim ating the depth g rad ien t from 0 -  8 m in  lo c a l ponds (F igure 
2). a w h ite  c lo th  over th e  top of th e  te n t  d iffu se d  po in t sources of 
l ig h t ,  reducing  the  l i g h t  an g u la rity . The v e r t ic a l  columns were lo ­
cated  i n  f ro n t  of 4.3 m high, south fac in g  windows in  the lab , allow ing  
n a tu ra l l ig h t in g  and l i g h t  cycles w ith in  the chamber (Figure 1a).
In s id e  the  experim ental chamber, a  4-m lad d er provided acoess to  
the  upper reaches of th e  column (F igure 1b). A b lack  p la s t ic  c u r ta in  
was hung between the oolumns and th e  ladder to  s h ie ld  th e  oolumns from 
the observer. A fan  a t  th e  base o f th e  columns reduced v e r t ic a l  
tem peratu re  g rad ien ts  in  th e  a i r  and th e  oolumns. Continuous o p era tio n  





F igu re  1* Diagram o f th e  experim ental chamber, (a) columns in  
f ro n t  of th e  windows, showing support s t r u c tu r e  (b) f lo o r  
p lan  w ith  fan  beside columns, and a b lack  p la s t i c  c u r ta in  
















Figure 2. Percent tran sm iss io n  o f su rface  l i g h t  in te n s i ty  in  th e  
columns in sid e  th e  experim ental chamber* and i n  th re e  Nev 
Hampshire lak es : Opper Sawyer Pond* Lower Sawyer Pond* and 
H ip p o  Pond.
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plankton as v ib ra tio n s , and which can d is tu rb  t h e i r  swimming a c t iv i ty  
(Buchanan and McCartney 1982).
The columns were supported by a  4m wooden post (5 * 10 cm) pa in ted  
f l a t  black, which in  tu rn  was fas ten ed  to  a black s h e lf  ( 5 x 1 5  cm) 2.5 
m above the f lo o r . The bottoms o f th e  oolumns w ere plugged w ith  rubber 
stoppers which had g la ss  d ra in  tubes in se r te d  through them. The o u te r 
ends of th e  d ra in  tubes were covered by a leng th  of rubber tubing th a t  
was closed w ith  a screw clamp.
Fish in troduced  I n to  th e  oolumns were r e s t r ic te d  to  th e  upper 
p o rtio n  of th e  column by a basket made of c le a r  a c ry lic  p la s t ic  and 
1.8 mm mesh N itex screen ing  (F igure 3). A c e n tra l hole in  the basket 
f lo o r , w ith  a removable cap of the same mesh s iz e , allowed access to  
th e  w ater column fo r  drawing out w ater samples. The b ask e ts  hung a t  60 
cm depth by a c le a r  a c ry l ic  sewing thread. P i lo t  s tu d ie s  showed th a t  
25$ o r more of the Daphnia in  the column oould be expected to  m igrate 
up to  a t  l e a s t  th a t  depth. The Daphnia used were g en era lly  1-2 mm in  
len g th  and never showed any signs o f r e s t r i c t io n  of th e i r  movements by 
th e  1.8 mm mesh. Each column contained a basket a t  a l l  tim es, although 
only one column a t  a tim e held a f ish .
Before s ta r t in g  th e  study, th e  d is t r ib u t io n  of Daphnia in  the two 
columns was observed fo r  3 evenings to  determ ine w hether th e  two 
popu la tions behaved s im ila r ly . On 23 March, one popu la tion  was 
c o n s is te n tly  h igher in  th e  columa Otherwise, th e re  were no apparent 
d iffe re n c e s  between th e  columns (F igure 4).
Experim ental Animal8
All of th e  Daphnia used were th e  o ffsp rin g  o f s ix  in d iv id u a l 
Daphnia oulex taken from Upper Sawyer Pond (a lso  known as L i t t l e  Sawyer
11
sketch of fish basket
F ig tre  3. Sleet oh o f the basket used fo r  r e s t r i c t i n g  a  f i s h  to  
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Pond), in  B a r t le t t ,  New Hampshire, In  September o f 1984. The anim als 
were Id e n t if ie d  from Brooks (1957). They were kept In  batch c u ltu re s  
in  one-gallon  j a r s  and fed  re g u la r ly  from a mixed c u ltu re  o f green 
algae grown in  a g o ld fish  tank. O ccasionally a blended m ixture o f 
yeast, t ro u t  chow, and a l f a l f a  was mixed w ith  th e  f ls h - ta n k  a lgae in  a 
1:10 r a t i o  to  provide n u tr i t io n a l  v a r ie ty  (S ch ind ler 1971; P o rte r and 
O rcutt 1 980). The anim als were ra ise d  In  w ater from the Durham Reser­
v o ir, and kept on shelves next to  the same windows a s  the experim ental 
chamber, a t  l i g h t  I n te n s i t i e s  s im ila r  to  those recorded a t  th e  top of 
the chamber.
Before each experim ent, Daphnia ca rry in g  embryos In  th e  e a r l i e r  
s tag es  o f development (w ith  no sign  o f lim b fo rm ation), were separated  
from th e  stock  c u ltu re s  and fed  ample amounts of C h lo re lia  to  keep th e  
w ater t in te d  s l ig h t ly  g reen  A fter g iv ing  b ir th  approxim ately  2 days 
l a te r ,  th e  ad u lts  were so rted  again  fo r those g re a te r  than 1 mm in  body 
leng th  and carry ing  e a r ly  s tag e  embyos, placed in  a  ga llon  j a r  of 
f i l t e r e d  lake w ater, and used i n  the subsequent experim ent. The 
daphnlds were so rted  a t  20 to  30 x m agn ifica tion  by picking ou t 
in d iv id u a ls  and t ra n s f e r r in g  them w ith  a  wide mouth p ip e tte  to  clean  
con tainers, A c le a r  m illim e te r  ru le r  was fasten ed  to  the d is s e c tin g  
scope s tag e  fo r measuring th e  daphnlds.
These so r t in g  procedures were designed to  produce anim als known to  
have th e  same h is to ry  of food, l ig h t  environment, and approxim ate stage  
in  the m olt cycle a t  the s t a r t  of each experiment. Since experim ents 
were meant to  in v e s t ig a te  the behavior o f f ie ld  populations, no a ttem p t 
was made to  in c rease  the g en e tic  homogeneity of th e  population  by 
working w ith  clones.
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As th e  lab o ra to ry  c u ltu re  had been m aintained fo r  te n  months by 
Ju ly  1985* observations were made to  determ ine w hether th e i r  behavior 
was s t i l l  re p re se n ta tiv e  of a w ild  p o p u la tio n  Daphnia oulex were 
brought from Upper Sawyer Pond to  compare w ith  th e  lab o ra to ry  cu ltu re . 
An equal number of in d iv id u a ls  la rg e r  than  1 mm in  body leng th  were 
se le c te d  from the w ild  popu la tion  and the  c u ltu re , and kept in  th e  la b  
fo r  two days to  allow  the  w ild  population  tim e to  acc lim ate  to  the 
l ig h t  cond itions in  th e  lab. When in troduced to  th e  columns, the w ild  
popu la tion  m aintained a s l ig h t ly  deeper p o s itio n  in  th e  column 
Otherwise the two populations moved in  the  same d ire c tio n  a t  the  same 
tim e (F igure 5).
The f is h  in troduced  in to  one column during each experim ent was an 
in d iv id u a l, 2 -  3 cm long, b r id le d  sh iner (N otropis b ifran a tu a ; 
id e n t i f ie d  from Werner 1980). A ll the  f is h  used i n  th i s  study were 
taken from the  new Durham R eservoir, and kept in  c a p tiv ity  in  two te n -  
g a llo n  aq u a ria  a t room tem perature in  the  AFAIR lab , in  w ater from th e  
re se rv o ir . They were fed a re g u la r  d ie t  o f Tetram in brand f i s h  f la k e s , 
o ccas io n a lly  supplemented by excess daphnlds from th e  batch cu ltu re s .
No f is h  was used in  any two consecutive experim ents.
Experim ental Procedures
The columns w ere f i l l e d  from the top and allow ed to  s tand  a t  l e a s t  
12 hours before adding th e  Daohnla. This allowed gas bubbles generated 
by th e  f i l l i n g  to  d is s ip a te . The evening befo re  each experim ent, an 
equal number o f Daohnla (two to  th ree  1“ 1) was added to  each column, 
p e rm ittin g  them a f u l l  24 hours to  acc lim ate  to  th e  l ig h t  co n d itio n s  in  
the  columns before o b servations began
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F igure  5. Comparison of th e  d is t r ib u t io n  o f the  Daphnia jmlflx 
pop u la tio n  q u a r t l le s  over two evenings fo r  a w ild  and a  la b  
p op u la tio n  o f Daohnla puiaa. (a) 9 Ootober, and 
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co n d itio n s  In  the  experim ental chamber fo r 12 hours, In  a 1000 ml 
beaker kept on the s h e lf  In side  th e  chamber. The sh e lf  was 140 cm from 
the  top  o f the columns. The f is h  was Introduced in to  the  column by 
emptying the beaker in to  the top o f th e  columa The tops o f both 
columns w ere covered a t  a l l  tim es w ith  a piece o f c le a iv a c ry llc  
p la s t ic ,  i n  order to  co n ta in  the  f is h .
Each experim ent ra n  s ix  to  e ig h t days, du ring  which population  
movements were follow ed. The columns were f i l l e d  from a common 
re se rv o ir  of w ater, and mixed to  a predeterm ined concen tra tio n  of 
a lgae, so th a t  the  i n i t i a l  food co n d itio n s  in  th e  two columns were 
Id e n tic a l. The food co n cen tra tio n s  w ere then e i th e r  allowed to  
d ec lin e , o r were in c reased  over tim e by adding more algae.
During th e  experim ent, one of a  p a ir  of oolumns served as  a 
co n tro l, w h ile  the o th e r  column contained  a f ish . The f i r s t  two to  
four evenings n e ith e r  column contained a predator. A f is h  was then 
in troduced  in to  one colum a A fter two or th re e  evenings, i t  was 
removed, and fo r the  f in a l  two evenings, again n e ith e r  column contained 
a f ish . The f i r s t  experim ent (A pril 1985) was excep tio n a l in  th a t  a 
f is h  was p resen t in  one of the columns fo r the f i r s t  four days, then 
removed fo r  th e  f in a l  two day& In  A pril, the column re ce iv in g  the 
f is h  was designated  a r b i t r a r i l y  b efo re  the o b serv a tio n s  begaa For the  
rem aining months, th e  column re c e iv in g  th e  f i s h  was chosen by coin 
to sse s  before s ta r t in g  th e  experim ents.
The p o s itio n s  of th e  daphnlds w ere v isu a lly  observed each evening 
w ith  a low in te n s ity  red l ig h t  (wavelength >650 nm; In te n s i ty  3*4x10“6 
worn”2 a t  10 cm from th e  l i g i t ) ,  h e ld  behind th e  columns to  s ilh o u e tte  
the  anim als. The number of Daohnla was counted w ith in  each o f the  41,
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10 cm in te rv a ls  marked on th e  face of th e  columns In black grease 
p en c il. P re lim inary  o b servations found th a t f by moving th e  l ig h t  
qu ick ly  by the  Daphnia. 3 0  m inutes was th e  s h o r te s t  tim e in te rv a l  
between surveys of the columns which did  not cause e r r a t i c  swimming 
behavior (such as sinking , som ersau lting , or changing d ire c tio n )  in  
in d iv id u a l anim als. T herefore the v e r t ic a l  d is t r ib u t io n s  w ere noted a t  
approxim ately  30 minute in te rv a ls  from one hour before su n se t to  one 
hour a f te r  dark. The numbers of an im als were recorded by counting 
aloud in to  a  c a s s e tte  tap e  recorder* The counts were tra n s fe rre d  l a t e r  
to  d a ta  sheets. Each column req u ired  3 - 6  m inutes to  survey depending 
on the population  s ize  a t  the time. The number of ju v e n ile s  and of 
a d u lts  were recorded sep ara te ly . The ju v e n ile s  matured in  4 -  5 days a t  
th e  tem peratu res in  the columns (15 -  28 °C, Appendix B).
£gg.d C oncentration Measurements
Before eaoh s e t  of experim ents, w ater fo r th e  oolumns was taken 
from the Durham R eservoir, allowed to  s e t t l e  fo r  two to  th re e  days to  
remove s i l t ,  and then  sieved  through a 10 urn mesh Nitex sc reen  to  
remove p a r t ic u la te s  >10 urn. C h lo re lla  sorokiana. a s in g le  c e lle d  a lg a  
3-5  urn in  d iam eter, was added to  th e  w ater to  a d ju s t th e  concen tra tio n  
o f ed ib le  ses to n  when necessary. The C h lo re lla  was cen trifu g ed  and 
resuspended in  ta p  w ater befo re  being used in  th e  experim en ta  The 
C h lo re lla  was m aintained and grown as u n i-a lg a l batch c u ltu re s  in  a 
m odified v e rs io n  o f B r is to l 's  E media fo r C h lo re lla  (Appendix A).
At approxim ately  12-hour in te rv a ls  during th e  experim ents, w ater 
sam ples were drawn from th e  oolumns to  measure th e  weight o f  ed ib le  
se s to n  a v a ila b le  in  the  w ater. The samples were taken by slow ly 
low ering  a 4 m leng th  of tygon tubing  w eighted a t  the  low er end to  the
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bottom of th e  colum a The to p  was clamped o ff, and th e  tubing  
re tr ie v e d  w ith  a 125 ml In te g ra te d  w ater sample in s id e . Each sample 
was p r e - f i l te r e d  through a  0 -  30 urn mesh N itex sc reen  to  approximate 
the  s iz e  of p a r t ic u la te  e a te n  by Daphnia (Haney 1985). The samples 
were then  forced from a 60 ml p la s t ic  syringe through pre-washed and 
pre-waighed 25 mm g la s s  f ib e r  f i l t e r s  (Gelman GPC, 0.45 urn pore s ize ), 
held  In  a Swinney-type f i l t e r  ho lder (M lllepore Corp.). The f i l t e r s  
were placed in  a darkened d e ss lc a to r  and d ried  w ith in  th e  next 48 hours 
a t  105±5 °  C fo r  one hour (Haney 1975). A Cahn model G elec trobalance  
was used to  weigh th e  d ried  f i l t e r s  to  the  n ea rest 0.05 m&
The d a lly  food concen tra tions ranged from 6.6 to  0.1 mg l**1 
(Table 1). In  th e  March, A pril, June, and August experim ents, the  food 
co n cen tra tio n  was allow ed to  drop from an i n i t i a l  le v e l ,  but was 
supplemented as needed to  keep the  concen tra tions in  th e  two oolumns 
s im ila r  to  one another. In  th e  May and November experim ents, C h lo re lla  
was added d a ily  a t  12 hour in te rv a ls  to  r a is e  the food concen tra tio n  
g rad u ally  during each se rie s . In  a l l  experim ents, s t r a t i f i c a t i o n  of 
a lg a  in  th e  columns was reduoed by bubbling th e  columns w ith  a i r  a f te r  
a d ju s tin g  the  food concen tra tions. The food co n cen tra tio n s  used 
re p re se n t a range of food co n cen tra tio n s  found in  o lig o -  to  eu troph lc  
lak es  (Haney 1985).
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D ally Food C oncentrations (ag dry wt l -1 )





































































































































Table 1. D ally food co n cen tra tio n s  m aintained In  the columns (mg dry 
w t I " 1).
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Light Measurements
The l ig h t  I n te n s i t i e s  In  th e  experim ental chamber were measured 
each evening of the  experim ents w ith  an In te rn a tio n a l L ight Research 
Radiom eter, Models 700 and 500, w ith  an In te rn a tio n a l L ight SEA400 
s e r ie s  photosensor p o sitio n ed  i n  one corner o f th e  experim ental chamber 
a t  th e  le v e l of a column depth of 20 cm. The l i g h t  in te n s i ty  was 
recorded  every 5 to  10 m inutes du ring  the  evening, allow ing c a lc u la tio n  
of th e  r e la t iv e  r a te  o f change of the  l ig h t  in te n s i ty  over these tim e 
in te rv a ls .
The same l ig h t  m eters and sensor were used to  ch a ra c te r iz e  the 
v e r lc a l  l ig h t  g rad ien t and the angu lar l ig h t  d is t r ib u t io n  of the 
experim ental chamber. The l ig h t  in  th e  chamber, and oolumns, included  
v a r ia t io n s  due to  cloud cover, wind, sun-angle, ang le  o f the b u ild in g 's  
roof l in e ,  shadows from nearby tre e s ,  in te n s i ty  of m oonlight, and 
sn o w fa ll, th a t  a lso  occur in  nature. A n a tu ra l angu lar l i g h t  
d i s t r ib u t io n  i s  e s s e n t ia l  in  o rder to  avoid a r t i f a c tu a l  m ig ra tions 
induced by a p o s itiv e  p h o to tac tic  response to  co llim a ted  l ig h t  
(S challek  1942, 1943). The l ig h t  g rad ien t was used to  determ ine the 
l ig h t  in t e n s i t i e s  encountered by the  zooplankton.
The angular l i g h t  d is t r ib u t io n  in  the  experim ental chamber was 
defined by p o s itio n in g  a photosensor a t  14 d i f f e r e n t  ang les from the 
v e r t ic a l ,  in  a plane p a ra l le l  to  th e  windows o f th e  bu ild ing , and 
m easuring the  l ig h t  in te n s i ty  a t  eaoh of th ese  p o s itio n s  r e la t iv e  to  a 
re fe ren ce  sensor a t  20 om from th e  w ater su rface  of th e  oolumns. All 
of the  measurements were taken in  a i r .  The measurements were rep ea ted  
a t  e ig h t  depths in  o rd er to  ch a ra c te r iz e  th e  change i n  the  angular 
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F igure 6. Angular l i g h t  d is t r ib u t io n  w ith in  th e  experim ental
chamber, (a) between 0 and 120 cm depths, (b) below 120 cm 
depth. Measurements were taken alongside th e  column a t  th e  
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asymmetry, e sp e c ia lly  n o tic e a b le  a t  10 cm, due to  a  shadow from the 
ro o f lin e  o f th e  lab  bu ild ing  and a row o f t r e e s  nearby. From 80 cm 
downward, th e  angular l ig h t  d is t r ib u t io n  (ALD) becomes in c rea s in g ly  
more sym m etrical (F ig ire  6b). In  n a tu ra l system s, the  angle of the sun 
w i l l  produce th e  same e f fe c t  w ith  a broad but asym m etrical ALD near the  
su rfaoe o f the w ate r which becomes in c reasin g ly  sym m etrical w ith  depth 
(Browne and Axford 1986; Whitney 1941).
Shallow er than  80 cm depth in  the  experim ental chamber, th e  
maximal w idth of the  ALD in c re a se s  s te a d ily  u n t i l  i t  reaches nearly  180 
degrees a t  the  su rface . This i s  ty p ic a l o f th e  ALD in  shallow tu rb id  
w aters (Timofeeva 1972). The wide ALD in  th e  chamber was due to  l i t t l e  
h o riz o n ta l e x tin c tio n  a t  the top  of the  chamber, r a th e r  than  to  
s c a t te r in g  by tu rb id  w ater. D ecreasing th e  w idth of th e  top o f the  
chamber or in c re a s in g  the h e ig h t o f th e  black p la s t i c  p o rtio n  of th e  
chamber w a lls  to  achieve a h o riz o n ta l e x tin c tio n  more ty p ic a l of d e a r  
w ater would have e lim in a ted  th e  l ig h t  in te n s i ty  req u ired  to  s im u la te  
th e  e p ilim n e tic  l i g h t  i n t e n s i t i e s  of a  n a tu ra l system. As d iffu se  
l ig h t  does not produce the a r t i f a c tu a l  p o s itiv e  p ho to tax is  a sso c ia ted  
w ith  co llim ated  l ig h t ,  I  chose not to  co rre c t fo r  th e  sm all h o riz o n ta l 
e x tin c tio n  a t  the  top  of th e  chamber.
The v e r t ic a l  g rad ien t o f down-welling l ig h t  was measured in  the  
w a te r - f i l le d  oolumns fo r th e  v is ib le  spectrum  (400 to  650 nm, peak 450 
nm), and fo r  near-b lue  (405-450 nm, peak 428 nm), and yellow -green  
(557-590 nm, peak 565nm) w avelengths (F igvre 7), u sing  c u to ff  f i l t e r s .  
These w avelengths were chosen to  match th e  sp eo tra l s e n s i t iv i ty  o f th e  
daphnid eye (McNaught 1966). A ll o f th e  measurements were taken  on a 
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F igure  7. P ro f i le s  of l ig h t  in te n s i ty  (Vicnr2) a t  d if f e r e n t  
ra n g e s  o f  w av e len g th  i n  th e  colum ns..
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were determ ined by reg ress in g  th e  n a tu ra l log  of the l i g h t  I n te n s i t ie s  
a g a in s t depth In  cm. All of th e  re g re ss io n s  had c o r re la tio n  c o e f f i­
c ie n ts  g re a te r  than 0.95 w ith  p»0.001. S im ila r  e x tin c tio n  c o e ff i­
c ie n ts  were recorded In  n a tu ra l system s (F igure 2).
The l ig h t  g rad ien t w ith in  th e  chamber and th e  c le a r -a c ry l lc  
columns was determ ined by the b lack  p la s t ic  w a lls  of the experim ented 
chamber. This allow ed th e  e f f e c ts  o f food co n cen tra tio n  to  be analyzed 
fo r a s in g le  g rad ien t o f l ig h t .  The l a t t e r  may in fluence  th e  v e lo c ity  
of m ig ra tio n s  (R ingelberg 1964; Itoh  1970), a s  th e  underw ater 
d is t r ib u t io n  of l ig h t  I s  a p r in c ip a l means of o r ie n ta tio n  fo r  
zooplankton (Siebeck and Ringelberg 1969; S tavn 1970; R ingelberg, 
a t .  a l .  1967)*
In  n a tu ra l system s, la y e rs  of phytoplankton and p a r t ic u la te s  
commonly form (Baker 1973), each la y e r  w ith  d if f e re n t  e x tin c tio n  
c o e f f ic ie n ts  (Bowling and Tyler 1 986). There a re  v a r ia t io n s  i n  the 
e x tin c tio n  c o e f f ic ie n t  w ith  depth in  the experim ental chamber, r e la te d  
to  th e  in te rn a l  support s tru c tu re  o f the experim ental chamber (Figure 
6). These v a r ia tio n s  o f the  e x tin c tio n  c o e f f ic ie n t  are s im i la r  to  th a t  
in  n a tu ra l o llg o tro p h ic  system s (Figure 8).
The abso lu te  l i g h t  in te n s i ty  a t  the depths of the popu la tion  were 
es tim ated  from Beer's Law, the l ig h t  in te n s i ty  measured over the 
evening, a s  shown below, assuming a constan t e x tin c tio n  o f l i g h t  w ith  
depth:
l n ( I z ) = l n ( I 0 ) -  kz
where I  = l i g h t  in te n s i ty  W cm-2
k = th e  e x tin c tio n  c o e f f ic ie n t  
z = the  depth of the  popu la tion  q u a r t i le .
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F igure  8. Comparison of th e  l ig h t  a tte n u a tio n  In  th e  oolumns and 
In  (a) Stonehouse and Barbadoes Bonds, and (b) Upper 
S aw y e r and  Low er Saw yer Ponds..
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The r e la t iv e  r a te  o f change of th e  l ig h t  In te n s ity  was ca lcu la ted  
as below according to  Ringelberg (1964):
The s tim ulus v a lu es  rep re se n t th e  m idpoint between the  two 
c o n tr ib u tin g  l ig h t  measurement& R ingelberg 's em p irica l value  fo r a 
th re sh o ld  stim ulus which produoed a p o s itiv e  p h o to ta c tic  response from 
a Daphnia macna p o p u la tio n  was 17.1 x 10“** s e c '1. The tim e when the  
s tim u lu s  va lu es  f i r s t  exceeded R lngelberg 's s tim u lu s  th resh o ld  value 
(RST) w as estim ated  to  the n ea res t m inute, a s  a  p roportion  of th e  
in te rv a l  between th e  two ca lcu la ted  stim u lus tim es  by assuming a l in e a r  
change i n  the  s tim u lu s  values during  th a t  tim e in te rv a l.
As an example, th e  l ig h t  data  fo r  one evening 's observ a tio n s  a re  
p resen ted  i n  F igure 9. The s tim u lu s  values (equ ivalen t to  the  slope of 
the n a tu ra l log of th e  l ig h t  in te n s i ty  over tim e) a re  g re a te s t  about 30 
m inutes a f te r  the la rg p s t  changes in  th e  ab so lu te  magnitude o f l i g h t  
in te n s i ty  per u n it tim e have occurred.
A s e r ie s  of l i g h t  p ro f i le s  was taken in  one of th e  columns over 
the oourse of one evening (25 A pril 1986) to  dem onstrate th a t  the  
confines o f the experim ental chamber d id  not a l t e r  the  r e l a t iv e  r a te  of 
change of l ig h t  in te n s i ty  between depths. Through the  tim e of th e  most 
rap id  l i g h t  change, 1945-1950 hours, th e  r e la t iv e  r a te  o f l i g h t  change 
was n ea rly  constant fo r  each depth in  a given p ro f i le  (F igure 10).
R ela tive  r a t e  of change (or stim ulus) =
t
where I  = l i g h t  In te n s i ty  W cm-2 
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F ig u re  10. P ro f i le s  o f th e  n atu ral log  o f the  r e l a t iv e  r a te  of 
l i g h t  change, o r s tim u lu s , (sec*1) In  the columns fo r  f iv e  
I n te rv a ls  J u s t  befo re  and during th e  period o f most rap id  
l i g h t  c h a n g e .
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Temperature Measurements
Temperatures o f th e  w ater in  the  columns were m onitored during th e  
experim ents w ith  a lab o ra to ry  thermometer suspended a t  30 cm in  each 
column by a c le a r  a c ry lic  thread . The oolumns m aintained s im ila r  
tem peratu re  environm ents Temperature read in g s a t  30 om in  the columns 
never d if fe re d  more than 1°C during each evening (Appendix B). 
Temperature p ro f i le s  taken a t  th e  end of one evening in  th e  experi­
mental columns and in  a th ird  column p o sitioned  next to  them were 
nearly  I d e n t ic a l  (Appendix B).
J2ata Analysis
Frequency histogram s of th e  depth d is t r ib u t io n s  w ere used to  
ev a lu a te  the tim ing  and ex ten t o f the  m ig ra tio n s  In  n a tu ra l system s, 
o f te n  a f ra c t io n  or even the m ajo rity  of th e  population  may not 
m igrate (eg. Fennak 1944; Haney and H all 1975). The h istogram s were 
used to  determ ine whether th e re  were groups o f anim als on a given 
evening which did no t move away from the bottom of the  columns over th e  
e n t i r e  course of th e  evening For example, on 11 November, 45$ o f th e  
popu la tion  in  column A and 16$ o f the population  in  column B formed 
sm all peaks in  the  histogram , centered  a t  405 cm (F igure 11). The 
peaks d id  no t move during  th e  evening's o b se rv a tio n s  In  o n e-h a lf o f 
th e  observed m ig ra tions, anywhere from 3$ -  86$ of the population  
formed such non-m igratory peaks These non-m igratory p o rtio n s  of the  
p o p u la tions were no t included i n  th e  a n a ly s is  In  a p i l o t  study, 
Daohnia pulex appeared to  avoid tem peratu res above 30°C, p o te n tia l ly  
suppressing  the  m ig ra tio n  am plitude. The d a ta  presented w ere c o lle c te d  
only from o b serv a tio n s  a t  le s s  than  30°C, th u s  excluding th e  l a s t  th re e  
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Figure 11. Histograms of the  Danhnia pulei population d i s t r i ­
bu tions in  th e  oolumns fo r  one e v e n in g 's  o b se rv a tio n s .
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The evening v e r t ic a l  m ig ra tio n  I s  ch a rac te rized  by a steady upward 
movement o f the daphnLd popu la tion  In  th e  evening Rlngelberg (1964) 
defined  a p o s itiv e  p h o to tax is  in  h is  experim ents on the p h o to ta c tic  
responses o f  Daphnla. a s  50? o f the population  swimming tow ards the 
s tim u lu s  ( lig h t) .  G liw lcz and Pljanowska (1988), G eller (1986), and 
Pennak (1944), used the  depth of the  population  median as th e  In d ic a to r  
of popu la tion  movement, w hile  Haney and H all (1975) chose th e  weighted 
mean of the  population  depth d i s t r ib u t io n  In o rder to  be a b le  to  
compare my r e s u l t s  w ith  th ese  s tu d ie s , I  have used p rim arily  th e  
movement o f th e  depth of the  popu la tion  median (the  50? q u a r t i le  depth, 
or Q50) c a lc u la te d  according to  Pennak (1943) to  describe  and analyze 
th e  popu la tion  movements i n  the  columns. I  have a lso  used th e  depths 
above which 25? and 75? o f  the  Daphnla were found (th e  25? and 75? 
q u a r t i le s ,  o r  025 and Q75) in  the  analyses.
The v e lo c ity  of the  population  movements was assumed to  be l in e a r  
between p ro f i le s  and was c a lc u la te d  as the d iffe ren ce  between 
successive  q u a r t i le  values d ivided by th e  tim e in  m inutes between the 
observations. As the columns were marked i n  10 cm in te rv a ls ,  and 
o b se rv a tio n s  w ere taken a t  approxim ately 30 min In te rv a ls ,  th e  
re so lu tio n  o f the  v e lo c i t ie s  o f the population  c a lcu la te d  fo r  the  
in te r v a ls  between observations, was 0.3 cm min"1. The m ig ra tio n  was 
defined  as c o n s is tin g  of: 1) no downward movement; 2) the lo n g est tim e
of upward movement observed; 3) th e  maximum upward v e lo c ity  when two 
eq u a lly  long periods of upward movement were observed; 4) no more than 
one pause during which th e  population  moved le s s  than  ±  0.3 cm min“ 1. 
The m ig ra tio n  was never considered  to  begin w ith  a pause as defined  
above. These requ irem ents w ere Imposed to  s tan d a rd ize  the analyses and
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to  m inim ize the com plexity of th e  m igrations.
For th e  m ig ra tio n s  defined above, the f i r s t  and l a s t  q u a r t i le  
depths were used as th e  i n i t i a l  and f in a l  depths of th e  m igrations 
re sp e c tiv e ly . The am plitude of th e  m ig ra tio n  was ca lcu la te d  as th e  
d iffe ren ce  between the  f in a l  and i n i t i a l  m ig ra tio n  depths, and ranged 
from 10 to  400 cm in  th e  experim ents.
The tim e of the evening m ig ra tio n  i n i t i a t i o n  (EMI) was ca lc u la ted  
a s  th e  m idpoint o f th e  f i r s t  tim e in te rv a l  of th e  m ig ra tio n  period.
The end of the m ig ra tio n  was taken  to  be th e  m idpoint o f th e  next 
in te rv a l  a f te r  the observed in te rv a ls  con ta in ing  the  m ig ra tion , or a s  
th e  tim e of the  l a s t  observation  i f  the popu la tions s t i l l  showed some 
movement a t  the  end of th e  evening's data c o lle c tio n .
Least squares re g re s s io n  analyses were app lied  to  th e  r e s u l ts  
because of the  wide and continuous range of values c o lle c te d  fo r each 
fa c to r . Absolute l ig h t ,  r e la t iv e  l i g h t  change, dry w eight of ed ib le  
seston , and the  presence o f a p redato r were used as th e  independent 
v a r ia b le s , and the  dependent v a r ia b le s  included  popu la tion  depth p r io r  
to  m ig ra tion , and the  tim e of i n i t i a t io n ,  v e lo c ity , and am plitude of 
th e  m ig ra tio n  The combined experim ents provided a t  l e a s t  31 degrees 
of freedom, an ap p ro p ria te  number fo r  a  m u ltip le  re g re s s io n  w ith  th re e  
to  four v a r ia b le s  (Draper and Smith 1981). The lab o ra to ry  data s e t  
contained o b servations fo r  a to t a l  o f  72 m ig ra tio n s  on 37 d if fe re n t 
evenings.
For a l l  re g re ss io n  equations, p lo ts  of th e  re s id u a ls  ag a in st the 
e s tim a ted  y values, th e  in d iv id u a l p red ic to rs , and the o rder of the  
observa tions, were examined fo r  evldenoe of hom osoedastioity  (Draper 
and Smith 1981). The in flu en ce  o f the  presence of a f i s h  in  the
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experim ental columns was analysed by assign ing  two in d ic a to r  v a r ia b le s  
(Draper and Smith 1981). For evenings when th e  f is h  was p resen t, the 
v a lu es  were (1,0), and fo r  evenings a f t e r  th e  f is h  was removed, the  
v a lu e s  were (0,1). When In d ic a ted  a s  necessary by th e  re s id u a l p lo ts , 
th e  d a ta  were transform ed to  n a tu ra l log va lu es  to  provide th e  requ ired  
n o rm ality  of th e  e rro r . As the  reg re ss io n s  used d if f e re n t  numbers of 
o b serva tions, a l l  of th e  r 2 values repo rted  w ere ad ju sted  fo r  the  
degrees of freedom, except fo r  re g re ss io n s  of d isplacem ent v e lo c ity  
v e rsu s  s tim u lu s  (which were c o n s is te n tly  n o n s ig n ifican t). The 
re g re s s io n s  o f th e  measured v e lo c ity  a s  a fu n c tio n  of s tim u lu s  were 
done w ith  STATWORKS (C rick e t Softw are Inc.). The rem aining reg re ss io n s  
and a l l  of the ANOVAs were done on the U n iversity  o f New Hampshire VAX 
m ainframe computer (D ig ita l Equipment Corporation) w ith  the  M initab 
program ( S ta t i s t i c s  Department, Univ. Pennsylvania). Zar (1984) was 
used as a general reference  fo r  s t a t i s t i c s .
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E lflld  Methods
^ a s c r ip t io n  M  Jillfl Lafcfi
Upper and Lower Sawyer Ponds a re  both o llg o tro p h lc  lak es  which 
d ra in  in to  the Sawyer River (B a r t le t t ,  NH) in  th e  White Mountain 
N ational Forest. They a re  k e t t l e  lak es  on g r a n i t ic  bedrock w ith  areas 
o f 4.5 and 19 h e c ta re s  (Newell 1960) re sp e c tiv e ly  (F igures 12 and 13)* 
Upper Sawyer Pond i s  s itu a te d  500 m north o f Lower Sawyer Pond and 30 m 
h i& e r  i n  e lev a tio n  a t  576 m (Newell 1960). I t  has one i n l e t  a t  the 
north  end and d ra in s  in to  the  low er lake from a s in g le  o u t le t  to  the 
south. There i s  a m oderate amount o f emergent v eg e ta tio n  along the  
shore of Upper Sawyer Pond. Salamanders a re  obvious on th e  muck bottom 
(maximum depth 9 m, mean depth 4.3 m; per s. obsv.).
Lower Sawyer Pond I s  fed  by one brook on th e  southw est shore in  
a d d itio n  to  the in p u t from Upper Sawyer Pond. A s in g le  o u t le t  d ra in s  
the lak e  through a swampy area  on th e  n o rth east shore. The lake has a 
maximum and mean depth of approxim ately  30 m and 16 m, re sp e c tiv e ly  
(F ig u re  1 3).
Stonehouse Pond and Barbadoes Pond l i e  in  th e  oo asta l w atershed i n  
B arring ton  and Madbury, New Hampshire, re sp e c tiv e ly . In c o n tra s t to  
th e  Sawyer Ponds, th ese  two sm all k e t t le  lak es  (6.1 and 5.7 h e c ta re s  
re sp e c tiv e ly ; Newell 1963), a re  m esotrophic, and have a maximum depth 
of approxim ately 15 m. Stonehouse Pond has an i n l e t  through a marsh 
along th e  southw est shore and one o u t le t  to  th e  n o rth  (F igure 14). 
Barbadoes Pond re c e iv e s  some drainage from a w et a rea  a t  th e  north  end. 
O therw ise there  a re  no in le t s  or o u t le t s  to  t h i s  lake  (F igure 15). 
■Elaataon Communities
The ed ib le  phytoplankton, in  September 1986, was dominated in
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F ig u re  13* Hap o f Lower Sawyer Pond.
44




F igure 1 5 .
1976).
Map of Barbadoes Pond. (R edrw n from Baker, a t . a i .
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term s of volume by Euelena s p  In  Upper Sawyer Pond and Crvptomonaa s p  
and Euglena six In  Lower Sawyer. Gvmnodlnlum sp. dominated from 2-4 m 
In  Upper Sawyer, and s tra n d s  of Anahaana sp, were caught In  zooplankton 
tows from a l l  depths o f the  lake (pera. obsv.).
The ed ib le  phytoplankton In  Barbadoes Pond In  September 1986 was 
dominated by C v o lo t e l ia  sp., Crvptom onas s p ,  and th e  green s u lfu r  
bacterium  Chloroblum s p  The f a l l  pbytoplankton In  Stonehouse Pond was 
dominated i n  1969 by Chlorophvoaa s p  and Chrvsophvoea s p  le s s  th an  44 
um In d iam eter (Packard, pers. comm.). More re c e n t d a ta  are 
unavailab le . All e s tim a te s  of phytoplankton volume were based on counts 
from whole w ater samples.
Dlaotomus m lnutus was the most abundant of th e  zooplankton in  the  
Sawyer Ponds (pers. obsv.). Upper Sawyer Pond oontainsd  Daphnla 
cataw ba. w hile  Lower Sawyer Pond contained  Daphnla aaleata-m endotae in  
October and Daphnla pulex in  September (Table 2). The Daphnla 
popu la tions included both eph lpp ial and parthenogenetic  fem ales, and 
males. Male Dlaohanaaoma were a lso  p resen t in  Upper Sawyer Pond. Both 
lak es  contained la rg e  populations of th e  r o t i f e r  K e ra te lla  
taurooephala.
Dlaotomus spp, was th e  most abundant zoop lank ter in  th e  two 
c o a s ta l lakes. In  a d d itio n , eaoh lak e  had populations of two Dwohnia 
sp ec ies , D, oatawba and IX ambigua (Table 2). At th e  tim e of sam pling 




Daphnla g a le a ta  neDdQtag L
DaDhnla catawba U S B
Danhnia ambiaua S B
Bosmina so. U L s B
Holooedium gibberurn U L s
Blaphanasoma brachvurum U L s B
Polvohemus Dediculus u L «•
Chydoridae u L
CerlodaDhnia so . u
Copepoda
JJlantomus m inutus u L
Diaotomus so. s B
Cyclopoids u L s B
R o tlfe ra  *
■AflPlanchna s d . B
Brachionus s d . u B
Conochilus s d . u L B
Euehlaala sp . u
UastroDUs sd. u
X e lllo o tla  s d . u L B
X e ra te lla  sp. u B
K e ra te lla  tauroceDhala u L
Lecane sd. u
P o lvarth ra  s d . L
Trichooera ap. u L B
Other
.Chaoborus n u n o ti Dennis u s B
m ites u
p ian arian  cocoons u L
Table 2. L is t of zooplankton id e n t i f ie d  from the  v e r t ic a l  m igration  
p ro f i le s  o f: U = Upper Sawyer Fond, L = Lower Sawyer Fond,
S s Stonehouse Pond, and B = Barbadoes Pond. * R o tife r  a  were not 
id e n t i f ie d  from the  Stonehouse Fond sample a  *• None in  m ig ra tion  
samples, but p resen t in  l i t t o r a l .
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Chem ical P h v a lc a l Maaaupamenta
In  each lake an I n i t i a l  c h a ra c te r iz a tio n  of the w ate r column waa 
made from tem perature and oxygen meaaurementa a t  1 m In te rv a la  ualng a 
combined tem perature-oxygen probe (Yellow Springe Inatrum ent Corp.).
The l i g h t  a t te n u a tio n  in  each lake  was determ ined from l ig h t  
p ro f l le a  taken between 1200 and 1500 hours (F igure 8). At Upper 
Sawyer Pond l ig h t  p ro f i le s  were taken  w ith  a Ll-Cor L i - 185a Quantum 
Radiom eter/Photom eter (Lambda Instrum ents Corp.). A Ll-Cor model 1000 
da ta -lo g g er and the above sensor were used to  c o l le c t  l i g h t  
measurements through the tim e of R ingelberg 's s tim u lus th resho ld . A ll 
o th e r  l ig h t  read in g s  were recorded by hand from an In te rn a tio n a l L ig h t 
Research Radiometer models 700 (Stonehouse and Barbadoes Ponds), and 
500 (Lower Sawyer Pond). L ight measurements were taken  every 5 t o  10 
m inutes from e a r ly  evening u n t i l  approxim ately 1 hour p as t sunset. The 
l ig h t  measurements made w ith  th e  Ll-Cor in stru m en ts  were converted to  
Worn"2 w ith  the  conversion f a c to rs  given in  W estlake (1965).
P a r tic u la te  JhCX Weights
Mixed w ater-sam ples were taken  to  determ ine the  dry weight of 
e d ib le  p a r t ic u la te  (<30 urn) a v a ila b le  to  the  zoop lank toa  Samples were 
taken from th e  e p i- ,  m eta-, and hypollm nia of the  Sawyer Ponds and 
Barbadoes Pond using  e i th e r  a  1.75 o r 3*0 1 Van Dorn b o t t le ,  and 
combined in  a c lean  bucket. An in te g ra te d  tube-sam pler was used to  
sample th e  ep lllm n lo n  o f Stonehouse Fond. The samples were thoroughly 
mixed, p r e - f i l t e r e d  through a 30 urn mesh N ltex screen, and f i l t e r e d  a t  
once onto  25 mm g la s s  f ib e r  f i l t e r s  (Gelman 0.45 urn pore), as described  
in  the  lab o ra to ry  methods.
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Plankton Sampling
In  each lake, a l a t e  a fte rnoon  p ro f i le  and a p ro f i le  a t  le a s t  one
hour a f te r  dark were taken w ith  a  c lo sin g  n e t (BO cm d iam eter, 150 urn
mesh) t o  determ ine th e  day-n igh t d is t r ib u t io n s  o f the  crustacean  
zooplankton and Chaoborus la rvae . The in te rv a ls  used In  th e  p ro f i le s  
were determ ined on th e  b asis  o f  the depth of the top of th e  therm ocllne 
and the  depth o f th e  lake. In  Upper Sawyer Pond 1 m I n te rv a ls  were 
used, w hile  4 m (from 0 -  12 m) and 6 m (from 12 -  24 m) in te rv a ls  were 
used in  Lower Sawyer Pond.
In  Upper Sawyer Pond, two p ro f i le s  were taken between the
afternoon  and n igh t p ro f i le s ,  using  Van Dorn b o t t le s  (1.75 and 3*0 1
samples). In  Lower Sawyer Fond, two a d d itio n a l p r o f i le s  were a lso  
taken, w ith  the c lo sin g  net. These ad d itio n a l samples were used to  
gain  in s ig h t  In to  th e  com pleteness of the  m igrations. A ll of the 
sam ples were preserved to  a f in a l  concen tra tion  o f 4? su c ro se -fo rm a lin  
(Haney and H all 1973).
The zooplankton sam ples w ere subsampled w ith  a Hensen- Stem pel 
p ip e tte  fo r  counting under 50x power on a Wild M-5 d ls se o tln g  
microscope. Daphnla were id e n t i f ie d  to  sp ec ies  according to  Brooks 
(1957). The r o t i f e r s  K e ra ta lla  taurOfifiDhala and Gaatropua sp. were 
id e n t i f ie d  from Stemberger (1979), and a l l  o th er zooplankton were 
id e n t i f ie d  from Edmondson (1959). Random l o t s  o f  30 or more Daphnla 
were chosen w ith  the Hensen-Stem pel p ip e tte  from each sample, and 
measured fo r  body len g th  a t  24x m ag n ifica tio n  using  an o cu la r 
m icrom eter. When few er than 30 Daphnla were in  th e  sample, a l l  were 
measured.
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Data A n a ly s is
Q u a rtlle s  were c a lc u la ted  as described  In  th e  lab o ra to ry  methods. 
Only m ature fem ale Cladooera were Included In  the  q u a r t l le s  presented 
so th a t  comparisons oould be made w ith  the lab o ra to ry  study, where only 
fem ale  Daphnla were used.
The p re -m ig ra tio n  depths of the  populations w ere defined a s  
be the  depths o f  the  popu la tion  Q50 I n  th e  f i r s t  p ro f i le  of samples.
Amplitudes o f m ig ra tio n  as l i t t l e  as 0.5 m (Juday 1904), or 0.29- 
0.85 m (McNaught and H asler 1964), can be found In  n a tu ra l system s. 
T herefore an upward or downward s h i f t  o f 0.5 m o r more In  th e  depth of 
th e  popu la tion  Q50 was taken as s u f f ic ie n t  evidence fo r  a v e r t ic a l  
m ig ra tio n  Less than a 0.5 m change In  the  depth of the popu la tion  Q50 
was scored a s  a non-m igratory behavior.
The sam pling in te rv a ls  used were too  broad to  allow  an e v a lu a tio n  
o f how c lo se ly  th e  evening m igration  i n i t i a t i o n  fo llo w s the tim e of 
R ingelberg 's s tim u lu s  th re sh o ld  in  th ese  lakes, nor could v e lo c i t ie s  
du ring  the course of th e  m ig ra tion  be ca lcu la ted .
In  order to  examine th e  hypothesis th a t  zooplankton may m igrate  to  
avoid  u l t r a - v io le t  r a d ia t io n  damage, th e  in te n s i ty  of u l t r a - v io le t  B 
(UV-B) r a d ia t io n  a t  the  p re -m ig ra tio n  depths of th e  lake zooplankton 
was es tim a ted  from a tte n u a tio n  c o e f f ic ie n ts  fo r  UV-B in  Smith and Baker 
(1979) and R ingelberg e t .a l .  (1984). The surface I n te n s i t i e s  o f UV-B 
fo r  f a l l  and summer were es tim a ted  from values presented  by Damkaer 
e t .a l .  (1980, t h e i r  F igure 2) for Manchester, Washington.
The s t r a t i f i c a t i o n  o f food co n cen tra tio n s i n  th e  study la k e s  was 
examined as a p o ssib le  o o n tro l of v e r t ic a l  m ig ra tio n  using G llw lcz and 
P ijanow ska's model. G llw lcz and Pljanowska (1988) defined the  tendency
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to  m igrate  as  th e  r a t io  of th e  observed over the  expected am plitude of 
m ig ra tio n  The expected am plitude of m ig ra tio n  was defined  as the 
d is tan o e  from th e  day depth of th e  p o pu la tions to  th e  depth of the  
h ig h e s t food co n cen tra tio n  i n  the ep llim nion . The model p re d ic ts  th a t  
th e  tendency to  m igrate should be p o s itiv e ly  co rre la ted  to  the 
p roportion  (F) o f  the food co n cen tra tio n  i n  th e  ep llim n io n  r e la t iv e  to  
th e  co n cen tra tio n  below the  depth of 1J o f  the  noon su rface  
i l lu m in a tio n  The food co n cen tra tio n  i n  th e  ep llim nion  was defined a s  
th e  co n cen tra tio n  above th e  m idnight p o s it io n  of the p o p u la tio n  Data 
from  Upper Sawyer Fond, Lower Sawyer Pond, and Barbadoes Pond were 
compared w ith  th e  p re d ic tio n s  o f the model.
The re g re ss io n s  used i n  analysing  th e  f i e ld  data  were done w ith  
th e  STATWORKS program (C ric k e t Scftw are In n ) . Draper and Smith (1981) 
was used a s  a re fe ren ce  fo r  th e  reg re ss io n  analysesi The r 2 values 
rep o rted  in  t h i s  sec tio n  have not been a d ju s ted  fo r th e  degrees of 
freedom. The t - t e s t s  fo r  com parison of s lo p es  and in te rc e p ts  of th e  
re g re s s io n  equations were done as p resented  in  Zar (1984). 
sonar analyaia
Sonar t r a n s e c ts  from each lake were used to  o b ta in  an e s tim a te  of 
f i s h  d e n s it ie s  (F igures 12-15). On Upper Sawyer, Stonehouse, and 
Barbadoes Ponds, a Lowranoe X-15 sonar (200 Kz, 22° an g le  transduoer) 
was used. On Lower Sawyer Pond a p o rtab le  Raytheon sonar (200 Kz, 12° 
an g le  transduoer) was used. A s in g le  t ra n s e c t  was a v a ila b le  fo r  Stone­
house Pond (F igure 15), two re p l ic a te  t ra n s e c ts  fo r  Upper Sawyer and 
Barbadoes Pond (F igures 12 and 14), and two tra n se c ts  i n  d if fe re n t 
d ire c tio n s  on Lower Sawyer Pond (F lg tre  13)*
The d en sity  of f is h  i n  eaoh of the la k e s  was e s tim a ted  by counting
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the f is h  tra c e s  seen on the sonar transectS i In  Upper Sawyer Pond, 
some tra c e s  may have been caused by salam anders, another p o ssib le  
p redato r o f zooplankton  The volume sampled by th e  sonar t ra n s e c ts  was 
c a lcu la te d  as (lake depth) X (rad iu s  of transduoer signal cone a t  lake 
bottom) X ( tra n se c t length). The rad iu s  o f th e  transduoer cone i s  
determ ined by the  ang le  of th e  transduoer s ig n a l. The nun be r  of fish  
tra c e s  was divided by the volume o f  w ater sampled to  e s tim a te  the 
la k e 's  f is h  popu la tion  density . The f is h  d en sity  was m u ltip lie d  by 101* 
before being c o rre la te d  w ith p re-m ig ra tio n  depths, to  in c re a se  the 
range of the  values.
In  Stonehouse and Lower Sawyer Ponds th e  depth of the  therm ooline 
(7 and 8 m re sp e c tiv e ly )  was used to  divide th e  w ater oolumn in to  upper 
and low er s tr a ta .  In  Upper Sawyer Pond th e  therm ooline was a t  nearly 
the bottom o f th e  pond (7.5 m), th e re fo re  th e  w ate r column was divided 
in  h a lf , 0-4 m and 4-8 m. In  Barbadoes Pond th e  w ater column was 
anaerobic below th e  6 m therm ooline. Here the  upper w ater was defined 
as  0-3 m, and th e  low er w ater as  3-6 m. Separate  e s tim a te s  o f f ish  
density  were made fo r  each la k e 's  upper and low er water s t r a t a .
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RESULTS AND DISCUSSION
Light as the Primary Regulator of Evening Vertical 
Migrationa; Laboratory Testa s£ Ifcfi Hvpothasea
ReapQMflS -k& Absolute Light Intensity
I t e  oreferendum hypothesis. The {referendum hypothesis proposes
th a t  ab so lu te  l ig h t  in te n s i ty  re g u la te s  th e  v e r t ic a l  m ig ra tion  o f
zooplankton  The hypothesis p re d ic ts  th a t  changes in  th e  depth of a
zooplankton population  w i l l  correspond to  changes in  the ab so lu te  l ig h t
in te n s i ty  during th e  day, and th a t  the population  w i l l  tra ck  an
is o p le th  o f l i g h t  In te n s i ty  during th e  evening m igration .
I  examined the  p re -m ig ra tio n  period, defined as th e  tim e in te rv a l  
between the two observations taken ju s t  p r io r  to  th e  evening 
m igrations. In  general, the  populations d id  not r i s e  a s  qu ick ly  as 
the  l i g h t  was decreasing  (examples in  F igures 16 and 17)* P r io r  to  
m ig ra tion , th e  l ig h t  in te n s i ty  a t th e  depths o f th e  population  
q u a r t l le s ,  i n  columns w ith o u t f is h ,  decreased a t  l e a s t  50? fo r  a l l  but 
th re e  of th e  m ig ra tio n s observed, and decreased more than te n - fo ld  fo r 
h a l f  of th ese  evenings (Table 3). According to  th e  preferendum 
hypothesis , the  popu la tions should r i s e  during th i s  tim e, a t  a r a te  
which m ain ta in s  a co n stan t l i g h t  in te n s i ty  a t  th e  population  depth.
During th e  evening m ig ra tio n s  in  columns w ith o u t f is h ,  th e  
popu la tion  q u a r t l le s  moved more slow ly than  r a te  o f decrease o f l ig h t  
in te n s i ty .  The l ig h t  In te n s i ty  a t  th e  depths of th e  population  
q u a r t l le s  decreased more than  50? during  85? of th e  m ig ra tio n s, and 
more than 90? fo r  over h a l f  of the  m ig ra tio n s  (Table 3)« Thus th e  
r e s u l t s  from the  m igration  period  a lso  f a l l  to  support the preferendum
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O 2 4 0
3 2 0
4 0 0  t  
8 12 16 20 2 4
(-1 x > L n l  a t  de p t h  of  q u a r t l l e s
( W c r r f 2 ) (a)
F ig u re  16. The l i g h t  I n te n s i t ie s  (Wem-2) a t  th e  popu la tion  Q25, 
Q50, and 075 depths versus the depths of the popu la tion  Q25t 
Q50, and Q75 fo r  one oolumn on the f i r s t  evening o f the 
experim ent, (a) 26 A pril 1985 (b) 26 Hay 1985 (o) 8 August 
1986. C irc le s  in d ic a te  observations during th e  m igration , 
x 's  before o r  a f te r  th e  m ig ra tio n  The su rface  l i g h t  
in te n s i ty  I 0 i s  shown to  in d io a te  th e  l ig h t  co n d itio n s  of 
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(-1x) Ln I  at d e p t h  of q u a r t i l e s  
(W c rrf 2 )
F igure  17* Aa ln  F igure 16 fo r  each day of th e  November 
obaervatlona. (a) 10 November, (b) 11 November,
(c) 12 November, (d) 13 November, (a) 14 November, and 









































(*1x) L n l  at d e p t h  of q u a r t i l e s  
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(-1x ) L n l  at d e p t h  q u a r t i l e s  




f is h percent decrease in  lig h t  in te n s ity
treatm ent <50* 50-90* 90-99* 99-99.9* >99.9*
before m igration
Q25 0 3 16 18 7 1
+ 2 6 4 2 0
0 2 2 2 0
Q50 0 3 19 12 8 2
+ 1 10 3 0 0
— 0 4 2 1 0
Q75 0 4 17 13 6 1
+ 2 4 3 2 0
- 0 3 1 1 1
during m igration
Q25 0 7 9 15 14 5
+ 2 0 4 4 1
— 0 0 3 2 1
Q50 0 4 5 17 13 4
+ 1 1 7 2 3
— 1 0 2 3 2
Q75 0 4 8 14 8 5
+ 1 0 6 5 2
1 1 1 3 3
Table 3. Number of evenings fo r  which th e  abso lu te  l i g h t  in te n s ity  
decreased by th e  in d ic a te d  percentage before m ig ra tion  and 
during m igration , (0 befo re  f is h ,  + d tr ln g  f i s h ,  -  a f te r  
removal o f f is h )  fo r  each of th e  q u a r t ile s .
L igh t l n t e n s i t l t e s  a t  a l l  depths of th e  w ater column deorease a t  
the same r a te  ln  th e  evening, and so th e  iso p le th s  of a l l  l ig h t  in te n ­
s i t i e s  r i s e  a t  th e  same ra te . Therefore, assuming a l l  o f the in d lv i-
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duals  in  a popu la tion  m igrate , th e  preferendum hypothesis p re d ic ts  th a t  
th e  e n t i r e  population  d is t r ib u t io n  should move upward a t  the same r a te  
a s  th e  lso p le th s  o f l i g h t  in te n s ity . However th e  l i g h t  in te n s i t i e s  
decreased by d if fe r in g  percentages fo r  each o f th e  th re e  q u a r t i le  
depths (F igures 16 and 17) during  a l l  but one of th e  m igrations 
observed in  t h i s  study. This In d ic a te s  th a t  th e  in d iv id u a ls  a t  th e  
upper p a r t  of th e  population  moved a t  a  d if f e re n t  r a t e  than in d iv id u a ls  
i n  th e  low er p art.
The in c id e n t l ig h t  in te n s i ty  determ ines th e  depth of any p a r t i ­
cu la r lso p le th  o f l ig h t  in te n s i ty  from day to  day. Thus i f  the zoo- 
plankton re tu rn  to  the depth of one p a r t ic u la r  l i g h t  in te n s ity  from day 
to  day, we would expect no c o r re la tio n  between th e  in c id en t l i g h t  
in te n s i ty  and th e  l ig h t  in te n s i ty  a t th e  depth of th e  population  p r io r  
to  m igration . There was a  s ig n if ic a n t  p o s itiv e  c o r re la t io n  between th e  
l ig h t  in te n s i ty  a t  the  depths of th e  population  Q50's p rio r to  
m ig ra tio n  and th e  su rfa ce  l ig h t  in te n s i ty  ( ln  (Xq5 o) = *^22 + °*9°3 In  
( I 0), r 2 = 0.459, 48 df, pCO.001). The re la t io n s h ip  in d ic a te s  th a t  the 
su rface  l i g h t  in te n s i ty  does not in flu en c e  the p re-m ig ra tio n  depth of 
th e  popu la tions from day to  day. Other fa c to rs  co n tro l the depth o f the 
popu la tion  when the lso p le th s  o f l i g h t  In te n s ity  a re  r is in g  in  th e  
evening.
Ihft a f f e c ts  ££  food co n cen tra tio n  £n  responses If l ab so lu te  
l ig h t  in te n s ity . Among those evenings when the  food co n cen tra tio n  was 
g re a te r  than  3 mg l* 1, the  depths o f the popu la tion  050*8 p rio r  to  
m ig ra tio n  were in v e rse ly  c o rre la te d  w ith  the  l ig h t  a t  th a t  Q50 depth 
(F igure 18, (Q50 p re -m ig ra tio n  depth) = 1487 -  38*1 (In  3q5q), r 2 = 
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* <3.1 mg 
a  >30 m g
F ig u re  18. P re -m ig ra tio n  depth of th« Daohnla oulex p o p u la tio n  
Q50's (on) compared w ith  th e  l ig h t  I n te n s i ty  (Wcm”*) a t  
those dep ths, fo r food co n cen tra tio n s l e s s  than  o r equal to  
3 n g l - 1 , and g r e a te r  th a n  3 mgl*"1.
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dep ths was low, the populations were deep. At food co n cen tra tio n s  le s s  
th an  3>1 mg I**1, In  o o n tra s t, th e re  was no c o rre la tio n ; the  Daphnia did 
no t have deeper p re -m ig ra tio n  depths when l ig h t  in t e n s i t i e s  were lower 
(F ig u re  1 8).
Ib fi a f f e c ts  o £  £  -fish  ££  H f t responses H  ab so lu te  l ig h t  
in te n s i ty .  On 12 evenings one column oontained a l iv e  f i s h  The 
r e la t io n s h ip  between th e  depth of th e  Q50fs and th e  l ig h t  in te n s i ty  a t  
those  depths p r io r  to  m ig ra tio n  did no t change w ith  th e  in tro d u c tio n  of 
the  f is h  to  th e  oolumns (Table 3, F igure 19). And on those evenings, 
th e  m ig ra tio n s s ta r te d  a t  l i g h t  in t e n s i t i e s  (6.2 x 10~7 to  4.6 x 10"^ 
Wcm- 2 ) and depths (102 to  402 cm), w ell w ith in  th e  range fo r a l l  
popu la tions not exposed to  f i s h  (F igure 20).
■Responses l a  H a  -Relative Rata Chance o£  Light
The s tim u lu s -th re sh o ld  model. According to  the  s tim u lu s-th re sh o ld  
model, a th resho ld  le v e l of r e la t iv e  l i g h t  change s tim u la te s  th e  
i n i t i a t i o n  of evening v e r t ic a l  m igrations. To t e s t  the  s tim u lu s- 
th re sh o ld  model, I  compared th e  tim e when th e  evening m ig ra tio n s 
observed in  my columns began w ith  the tim e when R ingelberg 's s tim u lu s  
th re sh o ld  value (RST), 1.71 x 10“3 sec” 1 (Daphnia macna). was f i r s t  
exceeded in  th e  evening (F igure 21). In  general th e  tim e of RST and 
th e  tim e of EMI were c lo se ly  c o rre la te d , w ith 77 t o  89J( o f the 
v a r i a b i l i ty  exp lained  by th e  the tim e o f  RST fo r each of the  th re e  
q u a r t i le a  (p<0.001, F igure 21). The ranges of EMI fo r  given RST*s 
(F igure  21) in d ic a te  th a t  th e  s tim u lu s-th re sh o ld  may vary w ith  o th er 
f a c to r s  in  the  oolumna
liUL a f fe c ts  food co n cen tra tio n  o n  H fi s tim u lu s-th re sh o ld  model. 
When no f is h  was p resen t, the  tim e o f EMI inoreased  w ith  decreasing
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(-1x) L n l  at d e p t h  o f  q u a r t i l e s  
( W c m ' 2 )
(a)
Figure 1ft As in  Figure 16 for three days when e  f is h  was
present in  the columik (a) 28 Hay 1985, (b) 12 August 1986, 
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(_1 X ) L n l  a t  d e p t h  o f  q u a r t i l e s  
( W c m ' 2 )
F i g u r e  19 (c )
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In I at depth (Wcm -2)














♦ before fish 
■ during fish 
- after fish
Figure 20. fre-m igratlon  depth of the Daohnla oule* population  
Q50’s (cm) compared with the l ig h t  in ten a lty  (Wcm- 2 ) a t  
those depths for observations taken beforet during, and 







1716 19IB 20 21
RST (hours)
(a)
Figure 21. Comparison o f  the tim e of evening m ig ra tio n  I n i t i a ­
t io n  (EMI) to  th e  tim e of Blngel berg 's  s tim u lu s  th resho ld  
(RST) i n  hours fo r  each o f the  Daphnla m l f i i  population  
q u a r t l le s .
(a )  popu lation  Q25. y - 0.74 + 0.975x, r2 = 84.0*, p<0.001.
(b) population  Q50. y s -1.57 ♦ 1*1 Ox, r 2 * 88.0*, p<0.001.































Figure 21 (c )
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food co n cen tra tio n , however the tre n d  was not s ig n if ic a n t  (F = 0.87, 
p>0.50).
lilfi e f fe o ts  a  f i s h  SUL s tim u lu s - th re sh o ld  model. The 
a d d itio n  to  and subsequent removal o f a f i s h  from the  columns made no 
s ig n if ic a n t  c o n tr ib u tio n s  to  th e  re la t io n s h ip  between th e  tim es of EMI 
and RST (F< 1, F ig u re  22).
The s t im u lu s - v e lo c ity  model. The s tim u lu s-v e lo c ity  model p re d ic ts  
th a t  th e  v e lo c ity  o f m ig ra tin g  zooplankton has a p o s it iv e  re la t io n s h ip  
to  th e  r e la t iv e  r a te  o f change o f l ig h t  in te n s ity .
The v e lo c ity  d a ta  fo r  the th ree  q u a r t i le  depths do not f i t  the 
s tim u lu s -v e lo c ity  model (F igures 2 3 , 24, 25). For example, in  May, fo r 
a l l  q u a r t i le s ,  and in  March fo r  the  Q50, th e re  a re  p o s it iv e  v e lo c i t ie s  
a sso c ia ted  w ith  p o s itiv e  s tim ulus va lues caused by th e  sky c le a rin g  o f 
clouds and/or by moonlight. The g re a te s t  magnitude of s tim u lu s  fo r  
each month was between -20 and -34 x 10_1* sec~1, and corresponded to  
v e lo c i t ie s  whiah were sometimes c lo se  to  z e r a  And high v e lo c i t ie s  
were a sso c ia ted  w ith  low stim ulus values because th e  popu la tions o fte n  
m igrated  a f te r  the  l i g h t  reached n ig h t-tim e  I n te n s i t i e s  (e& A pril and 
May in  F igure 23, March, A pril, and May in  F igure 24, and March through 
Ju ly  in  F igure 25). Apparently the s tim u lu s  does not ex e r t a 
continuous co n tro l over th e  v e lo c ity  of th e  m ig ra tin g  populations.
There was evidence of seasonal d iffe re n c e s  in  the  range of the 
v e lo c i t ie s  between months. In  A pril, May, and Ju ly  the  v e lo c i t ie s  
c a lc u la te d  fo r  the  Q50's ranged between 0 and 5.5 to  6.3 cm min-1 
(F igure 24). During March and August the  v e lo c ity  exceeded 3 cm min'1 
only once each month. The November da ta  a lso  contained  many low 



































a  before  fish  
■  during f ish  
«  e f t e r f i s h
15 *
1* 17 15 19 20 21
RST (hours)
Figure 22. As In  F igure 21, fo r  the  Daphnla pulex popu la tion  
Q 50's o f those populations exposed to  a f is h .
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-4 -12 -20 -28  -36
S t i m u l u s  x l O ’4  ( s e c - 1 ) • b e fo re  f i s h
»o w i th  f i s h  
9 a f t e r  f i s h
Figure 23. The v e lo c ity  of the  Daohnia pulax popu la tion  Q25
betw een In te rv a le  of obeervatlon  (on n in “ i )  a a  a fu n c tio n  • 
o f  th e  r e l a t iv e  r a te  o f l ig h t  change ( a t ln u lu s )  x 10~4 
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S t i m u l u s  x  1 0 ‘4  ( s e c “1) * b e fo re  f i s h
»  w i th  f i s h  
o a f t e r  f i s h
F ig u re  24. As in  Figure 23, fo r  the Dnphnja pulex population  
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S t i m u l u s  x l 0 ‘4  (se c " 1) '  b? !2 r ! . f !!sh 
>o w ith  f i s h  
o a f t e r  f i s h
F igure  25. Aa ln  F lg ire  23, fo r  the  Paohnla pule* popu la tion  
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Figure (25) con’t .
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th e  mean v e lo c i t ie s  were te s te d  by AN OVA fo r  d iffe re n c e s  between 
months, the  t e s t  was s l ig h t ly  s ig n if ic a n t  (Table 4).
Although swimming speed has been r e la te d  to  tem peratu re  (G erritsen  
1982), mean v e lo c ity  was not s ig n if ic a n t ly  co rre la te d  to  the mean 
tem peratu re  a t  3 0  cm, e i th e r  fo r  columns th a t  did n o t rece iv e  a f is h ,  
or fo r  columns tre a te d  by the  a d d itio n  and removal of a f is h  ( r2 
<0 . 10 ).
a n a ly sis  o f  variance
source d f 88 ms
fa cto r 5 9.656 1.931
error 43 29.097 0.677
to ta l 48 38.753
treatment n mean stdev
a p r ll 6 1.4821 0.7457
may 9 2.2429 0.9477
June 4 1.602 9 1.1495
november 8 1.2692 0.6252
march 11 0.925 9 0.9416
august 11 1.1975 0.6005
pooled stdev 0.8226
f
2.85 0 .1 0>p>0.05
Table 4. A nalysis o f  variance o f th e  mean v e lo c ity  each evening, 
w ith  th e  months o f the experim ents as tre a tm e n ts , fo r 
popu la tions not exposed to  a  f is h .
Ibfi e f fe c t  £ £  food concen tra tio n  stR JAft atlaulUa-YfllOCity aodfij.
A re g re ss io n  fo r  mean v e lo c ity  a s  a fu n o tlo n  of food concen tra tion  fo r  
m ig ra tio n s  observed fo r  popu lations no t exposed to  a f is h  was not 
s ig n i f ic a n t  (p>0.10, F ig u re  26).
The a f fe c t  o f  & f is h  on the  a tlm u lu s-v a lo c itv  model. The 



















0  2  4  6  6
food concentration (mg seston/1)
F ig ire  26. Comparison of the mean m ig ration  v e lo c ity  (cm min- 1 ) 
o f  th e  Danhnla oulex population  Q50 w ith  food 
oono en tra tio n  (mg l ” 1) , fo r  those popu la tions not 
exposed to  a f i s h .
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po pu la tions exposed to  a f is h  (F igures 23, 24, 25). The mean v e lo c i t ie s  
o f th e  m ig ra tio n s  were a lso  not s ig n if ic a n tly  c o rre la te d  w ith  th e  mean 
s tim u lu s  during th e  m ig ra tion  fo r  popu la tions exposed to  th e  presence 
o f  a f i s h  (p>0.10).
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In fluence  jft£ £&fid C oncentration .aM A  F ish  ££
Proximal R egulation o f Evening V e r tic a l M igrations
The E ffec t a f  Food C oncentration and a Flah an Amplltuda and Pra- 
M igration  Depth
Amplitude. Food co n cen tra tio n  had l i t t l e  In fluence on th e  
am plitude o f m ig ra tio n  when the popu la tions were not exposed to  a f is h  
( r 2 = 12.7?, p>0.10). The a d d i t io n  and rem oval o f  a f i s h  d id  n o t 
improve the  r e la t io n s h ip  between food co n cen tra tio n  and am plitude (r2 = 
2 5 .4 ? , p>0.10).
Population  depths p r io r  to  m ig ra tio n  l im i t  th e  maximum am plitude 
of m ig ra tio n  in  any system. In  ad d itio n , the  p re -m ig ra tio n  depths fo r 
a popu la tion  Q75 a re  deeper than those fo r  the Q50 and Q25. Therefore 
the r e la t io n s h ip  between am plitude and p re-m ig ra tio n  depth may change 
w ith  th e  depth s t a t i s t i c  used to  re p re se n t the p o p u la tio n  In  th is  
study, am plitude was s ig n if ic a n tly  p o s it iv e ly  c o rre la te d  w ith  pre- 
m ig ra tio n  depth fo r popu la tions not exposed to  a f is h  (Table 5). The 
choice o f population  q u a r t i le s  had no e f fe c t  on the  slopes o f th e  
re g re s s io n s  between am plitude and p re -m ig ra tio n  depth (Table 5), a l ­
though the in d iv id u a ls  in  a population  did not move as a cohesive u n it.
P re -m ig ra tio n  depth. The p re -m ig ra tio n  depths of the  lab  
popu la tio n  Q50 were s ig n if ic a n tly  c o rre la te d  w ith  food concen tra tion , 
only when the  popu la tions had been exposed to  a f i s h  (Table 6; Figure 
27). The a d d itio n  of f i s h  to  th e  columns co n trib u ted  s ig n if ic a n t ly  to  
th is  re g re s s io n  (Table 6); however, th e  subsequent removal o f th e  f is h  
did not. There was no s ig n lfc a n t in te ra c t io n  between food and th e  
presence of a f i s h  (F<1). A fter f is h  removal, populations respond 


























t> before fish 
■ during fish 
D after fish
F igure  27* Comparison o f the  |r e -m i0 'a t io n  depth (om) of the  
Daohnla o u le i population  Q50*s fo r  d if f e r in g  food oonoen- 
t r a t lo n s  (m gl~ ') before, during and a f t e r  th e  evenings a 
f i s h  w as p r e s e n t  I n  th e  co lum n .
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regressions
Q25 ln (y ) = -1 .24  + 1.20 ln ( x ) t r2 = 0.895
Q50 ln (y ) = -1 .03  + 1.13 ln (x ) ,  r 2 = 0.815
Q75 ln (y ) * -1 .47  + 1 .1 7  ln (x ) ,  r2 = 0.821
q u a rtlies  ccapered slop es o f  the t  d f
regressions
Q25 and Q50 Q25 1.20 0.703 91 0.50>p>0.20
Q50 1.13
075 and Q50 Q75 1.17 0.359 95 p>0.50
Q50 1.13
Q25 and Q75 Q25 1.20 0.308 92 p>0.50
Q75 1.17
Table 5. Comparison of the s lopes of the  reg re ss io n s  between
am plitude and p re-m ig ra tio n  depths fo r  th e  th re e  q u a r t lle s .  
y s am plitude (cm), x = p re-m igration  depth (cm).
In March, A p ril, May, and November, th e  p re -m ig ra tio n  depths of 
the  population  Q50 moved downward sharply  during  the day or evening 
a f t e r  the  f is h  had been ln troduoed in to  th e  column (F igure 28). On 
each of the  evenings a f te r  th e  f i s h  had been removed, the p re-m ig ra tion  
depth rose and on th e  subsequent evenings th e  p re -m ig ra tio n  depths 
Increased  or decreased in  the same d ire c tio n  a s  In  the co n tro l column 
(F igure 28). This rebound of th e  p re -m ig ra tio n  depth upon removal of 
the f is h  oocurred even though th e  f is h  had been present through the 
m ig ra tio n s on th e  previous evenings, le s s  than  24 hours beforehand.
The sh o rt response tim e suggests th a t  th e  mechanisms re g u la tin g  the  
m ig ra tio n  of zooplankton popu lations exposed to  a f is h  include a 
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■ before fish 
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F lg tre  28. Prem igration depths (cm) of the  population Q50's 
fo r each o f th e  days o f th e  ex p erim en ts .
regression s
Y! = 129 + 8.4 x + 5.6 z-, -  44.3 z 2 + 39.7 xz-f + 45.8 x z2 , r 2 = 45.8* 
y2 = 71 .9  + 24.2 x, r 2 = 10.4*
a n a ly sis  o f  variance
source df s s ms f
regression 5 263939 52788 6.59
error 28 224424 8015
to ta l 33 488364
treataent df f
food oono. 1 19.85 p<0.001
w ith f is h 1 6.55 0.05>p>0.02
a fter  f is h 1 3 .19 0.20>p>0.10
w ith f i s h  x  food 1 <1 —
a fter  f is h x food 1 1.95 p>0.50
Table 6. A nalysis of varian ce  fo r  th e  re g re s s io n  between the  depth o f 
th e  population  Q50 p r io r  to  m ig ra tio n  (cm) and food concen­
t r a t io n  (mg 1~1), fo r  populations exposed to  a f i s h  (y<|) 
and fo r  popu la tions not exposed to  a f is h  (y2 ) .
(y = depth o f  Q50 p r io r  to  m igration , cm; x = food 
co n cen tra tio n , m g l'l; z.j = f ish  p resen t; z2 = f is h  removed).
Daphnla populations not exposed to  a f i s h  in creased  in  numbers 
throughout th e  experim ents, y e t th e re  was no s ig n if ic a n t  c o r re la t io n  
between e i th e r  the number o f m ig ra tin g  a d u lts  o r the t o t a l  number o f 
in d iv id u a ls  and th e  p re -m ig ra tio n  depths ( r2<0.10, 48 d f), in d ic a tin g  
th a t  n e ith e r  crowding nor grazing pressure in flu en ced  th e  p re-m ig ra tio n  
depths.
For po p u la tio n s  exposed to  a  f is h ,  p re -m ig ra tio n  dep ths were 
s ig n if ic a n t ly  c o rre la te d  w ith  th e  t o t a l  number o f a d u lts  and ju v e n ile s  
(Tables 7), and w ith  th e  number o f m igrating a d u lt  Daohnia (Table 8).
In both cases the p re-m ig ra tio n  dep ths were shallow er a s  th e  number o f 
Daohnia increased . P re -m ig ra tio n  depths w ere a lso  shallow er when food 
co n cen tra tio n s  decreased (Table 6 ) ,  suggesting  th a t  Increased  grazing
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regression
y = 218 -  0.437 X + 183 z 1 + 167  z2 -  0.201XZ! -  0.411xz2, r 2 =47.71 
a n a ly sis  o f  variance
source d f as as f
regression  5 274600 54920 6.95  p<0.001
error 27 





to ta l  in d iv id u a ls 1 17.74 p<0.001
with f is h 1 10.74 0.01>p>0.005
a fte r  f is h 1 4.30 0.10>p>0.05
inds x w ith  f is h 1 <1 ___
inds x  a fte r  f la h 1 1.15 —
Table 7. A nalysis o f variance fo r  th e  reg re ss io n  between th e  p re- 
m lg ra tio n  depth of the  population  Q50 (cm) and th e  to ta l  
number o f in d iv id u a ls  in  the  columns, fo r  those columns 
which received  a  f ish , (y = depth of the population  Q50 
p r io r  to  m igration ; x = mean number o f a l l  Daohnia counted 
in  th e  oolumns each evening; = f is h  p resen t; -  f is h  
removed).
regression
y = -31.8 + 4.91 x + 384 Z1 + 376 z2 -  6 .5 Z-|X -  6 .9 1  Z2X
a n a ly sis  o f  variance
source df SB ms f
regression  5 276176 55235 7 . 2 9  p<0 .0 0 1
error 28 212187 75T8
to ta l  33 488364
treatment df f
m aber m igrating adults 1 10.78 0.005>p>0.002
w ith  f is h 1 8.82 0.02>p>0.01
a fte r  f is h 1 5.80 0.05>P>0.02
no. m igrating Z w ith  f is h  1 <1 - -
no. m igrating Z a fte r  f la h  1 7.14 0.05>P>0.02
Table 8. A nalysis o f variance  fo r  th e  reg re ss io n  between th e  j r e -
m ig ra tio n  depth of the  popu lation  Q50 (om) and th e  number of 
m ig ra tin g  a d u lts  in  the columns, fo r  those  columns which 
rece iv ed  a f ish , (y = depth of Q50 p r io r  to  m igration ; x = 
mean number of a d u lts  m ig ra tin g  each evening; 21 = f i s h  
p resen t; z2 = f is h  removed).
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p ressu re  may have led  to  the  decreased food co n o en tra tlo n n  I t  l a  
probable th a t  th e re  was a lso  a d ec lin e  in  food q u a lity  as baphnia re -  
ln g e s t excre ted  p a r t ic u la te s  as  they f i l t e r .  The only s ig n if ic a n t  
in te ra c t io n  between f is h  and popu la tion  d e n s it ie s ,  was fo r  the  
reg re ss io n  w ith  numbers o f m ig ra tin g  a d u lts  when th e  f i s h  had been 
removed from th e  oolumn (Table 8).
These o b serv a tio n s  a re  co n s is te n t w ith  the  p roposals of sev e ra l 
in v e s t ig a to rs  (Huntley and Brooks 1982, Dagg 1985, Johnsen and Jakobsen 
1987) t h a t  low food co n cen tra tio n s  a re  a sso c ia ted  w ith  shallow er pre- 
m ig ra tio n  depths.
On tw o -th ird s  of th e  evenings w ith  a f is h  p resen t, a t  l e a s t  25% o f 
th e  Danhnia popu la tion  m igrated in to  the  p o rtio n  of th e  column con­
ta in in g  th e  f is h  (above 60 cm). No p red atio n  by th e  f i s h  was d ire c t ly  
observed, s ince  th e  f i s h  was a t t r a c te d  to  the  red  o b serv a tio n  l ig h t .  
However, the  decrease in  th e  nusber of Ind iv idual daphnids counted in  
oolumns w ith  f i s h  (F igure 29 a ,c ,e ,h ,j )  im plied  p re d a tio n  This 
continued exposure to  th e  f is h  did not r e s u l t  in  a fu r th e r  drop in  the 
p re -m ig ra tio n  depths on th e  fo llow ing  day (Figure 28). Since th e  
Daphnia popu la tion  continued m ig ra ting  in to  th e  p o rtio n  of the  oolumn 
con ta in ing  the  f is h ,  I  propose th a t  th e  i n i t i a t i o n  of th e  m ig ra tion  
must show a delay and/or th e  d u ra tio n  o f th e  m ig ra tio n  be extended 
s u f f ic ie n t ly  th a t  the Daphnia reach th e  proxim ity of the  f is h  a f te r  
dark, fo r th e  m ig ra tio n  to  e f fe c t iv e ly  reduoe lo s s  by p re d a tio n  which 
the Danhnj a avoid being ea ten  by th e  f is h .
Ih fl Effect 4 £ £  F ish  JAfi Timing ££ Migrations
The avoidanoe o f v isu a l p red a to rs  oould be r e a l iz e d  e i th e r  by 

























t t t t
Figure 2% Comparison of the  mean numbers, ±  one SE, counted in  
each day's p ro f i le s ,  fo r  ju v e n ile s  and a d u lts  in  each column, 
(a - j)  March, A pril, May, August, and November, columns A 














































Figure 29 ( i - j )
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d u ra tio n  of the m igration , such th a t  th e  Daphnia a r r iv e  a t  th e  surface 
a f te r  d a rk  Zooplankton which delay th e i r  evening m ig ra tion , should be 
le s s  su b jec t to  v isu a l  p red a tio n  because of the reduoed l ig h t  In te n s ity  
l a t e r  In  the evening (Confer e t .a l .  1978). Therefore Danhnia should 
m igrate  l a t e r  on those evenings when they have been exposed to  a f ish .
The mean d iffe ren c e  In  the  tim e o f EMI from th e  tim e o f 
R ingelberg 's s tim u lu s -th re sh o ld  (RST) was, however, not s ig n if ic a n tly  
r e la te d  to  the presence of a  f i s h  (P = 3 .89, p>0.05).
W ithout a delay in  the  EMI, an In crease  in  th e  d u ra tio n  of the 
m ig ra tio n s  could s t i l l  have re s u lte d  in  the Daphnia reach ing  th e  p rox i­
mity of th e  f is h  when the  l i g h t  In te n s ity  and th e re fo re  the  v i s i b i l i t y  
was le s s .  There was no s ig n if ic a n t  (0.50>p>0.20) tre n d  fo r th e  m igra­
tio n  to  be longer i n  the presence of a f is h ,  nor once the f is h  was 
removed. The Daphnia did not respond to  the  presence of a f i s h  w ith  
s ig n if ic a n t  changes in  the  d u ra tio n  of th e  m igrations.
Influence Food Concentration and a Fish on Migration Velocity
N eith er the  v e lo c ity  nor th e  d u ra tio n  of the  observed m ig ra tio n s  
was s ig n if ic a n t ly  c o rre la te d  w ith  the food concen tra tion , w ith  or 
w ithout th e  a d d itio n  of a f i s h  ( r2 < 8.0*). This suggests th a t  a l ­
though l im ite d  food su p p lie s  qu ick ly  In flu en ce  the chem ical com position 
of the  body (Dimoan e t .a l .  1985), and th e  feeding r a t e s  (Burns and 
R igler 1967; Haney 1985) o f Daphnia. th e  food supply does not re g u la te  
the v e lo c ity  of v e r t ic a l  m ig ra tio n s  Nor, as was seen  fo r pre- 
m ig ra tion  depths, does the presence of a  f i s h  in te r a c t  w ith  food con­
c e n tra tio n s  to  re g u la te  m ig ra tio n  v e lo c ity .
Influence of Recruitment an Pro-Migration DOPthfl
The re c ru itm en t of ju v e n ile s  in to  th e  ad u lt popu la tion  o f fe r s  an
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a l te rn a t iv e  ex p lan a tio n  fo r  the  rebound in  p re-m ig ra tio n  depths once 
th e  f is h  was removed from the columns. However, In d iv id u a ls  counted as  
a d u lts  had s im ila r  h i s to r ie s  in  th e i r  exposure t o  a f ish . Broods of 
young re lea sed  ea r ly  In  th e  experim ent were la rg e  enough by the  fo u rth  
o r f i f t h  day to  be counted as a d u lts , a s  seen  from the numbers of 
In d iv id u a ls  In  populations not exposed to  a  f i s h  (F igure 29 b ,d ,f ,g ,l) .  
The f is h  preyed p rim arily  on the  ju v e n ile  Daphnia in  March, A pril, 
August and November, a te  both ju v e n ile s  and a d u lts  in  May, and 
p rim arily  a d u lts  i n  March (Figure 29). Ju v e n ile s  a s  w e ll as ad u lts  
w ere observed to  m igrate  (Figure 30). Thus r e c r u i t s  d id  not sim ply 
rep la ce  the o r ig in a l  p o p u la tlo a  The a d u lt Daphnia population  showed a 
re v e rs ib le  avoidance of th e  f is h  even though much of the  p red a tio n  f e l l  
upon the ju v en ile s .
Amplitude mod Pre-mlgratlon Depths &£ Juveniles
There was a s ig n if ic a n t  d iffe ren ce  due to  ju v e n ile s  and a d u lts  i n  
th e  in te rc e p t of the  re la tio n s h ip  between am plitude and p re -m ig ra tio n  
depth o f the  popu la tion  Q50's fo r  populations no t exposed to  a  f is h ,  
and no s ig n if ic a n t  d iffe re n c e s  in  th e  slope (Table 9). The ju v e n ile s  
s ta r te d  t h e i r  m ig ra tio n s  from s ig n if ic a n t ly  shallow er p re -m ig ra tio n  
depths than th e  a d u lts  (Table 9), but m igrated w ith  the  same am plitude 
a s  th e  a d u lts  a t  the same p re-m ig ra tio n  depths.
Timing M igrations JiX. Ju v en ile s
Evening migration initiation. The re la t io n s h ip  between th e  tim e 
o f th e  evening m ig ra tion  i n i t i a t i o n  (EMI) and Rlngelberg*s S tim ulus- 
Threshold (RST) was n o t s ig n if ic a n t ly  d i f f e r e n t  fo r  ju v e n ile s  as 
compared to  a d u lts , e i th e r  in  slope or in te rc e p t  (Table 10). The 
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Figure 30. M igration of ju v e n ile  Paohnla oulex shown in  e a r ly  
and l a t e  p ro f ile s  fo r  each oolunn on th re e  evenings.
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ln (y ) s -0.682 + 1 .03ln(x) -  0.350z + 1.06 xz, r2 = 74.4*
a n a ly sis  o f  variance
source df s s s s f
regression 3 51.452 17.151 76.75 p<0.001
error 75 16.760 0.223
to ta l 78 68.212
treatment df f
pre-migration depth 1 212.68 p<0.001
adults or Juveniles 1 10.14 0.005<p<0.002
pre-mig. depth x  age 1 1.78 0.50>p>0.20
Table 9* A nalysis o f varian ce  fo r  th e  re g re ss io n  between the am pli­
tude (cm) and the  p re -m ig ra tio n  depth of the  population  QSO’s 
(cm) w ith  one in d ic a to r  (z) fo r a d u lts  or ju v e n ile s , assigned  
-1 and 1 re sp ec tiv e ly , (y = am plitude of m ig ra tio n  fo r  th e  
population  Q50; x = p re-m ig ra tio n  depth o f th e  popu la tion  Q50).
regression
y = -1 .26  hk 1.07 x - 0.315 z + 0.0239 xz , r2 = 86.2%
a n a ly sis  o f variance
source df 88 ms f
regression 3 136.473 45.491 162.78
error 76 20.960 0.279
to ta l 79 157.433
treatment df f
time o f  1ST 1 488.02 p<0.001
ad u lts or ju v en iles 1 4.44 0 . 10>p>0.05
time o f  1ST x  age 1 <1 —
Table 10. A nalysis of variance  fo r  th e  reg re ss io n  between the  tim e of 
evening m ig ra tio n  i n i t i a t i o n  fo r  th e  popu la tion  Q50 (hours) 
and th e  tim e of R ingelberg 's s tim u lu s  th resh o ld  (hours) w ith  
one in d ic a to r  v a r ia b le  (z) fo r a d u lts  or ju v e n ile s , assigned 
-1 and 1 re sp e c tiv e ly , (y = tim e of the  evening m ig ra tio n  
in i t i a t io n ,  x = tim e of R ingelberg 's s tim u lu s  th resho ld ).
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V elocity. A p a ire d - t  t e s t  showed the mean v e lo c ity  of the 
Ju v en ile  popu la tions during th e  m ig ra tio n s  to  be s ig n if ic a n tly  l e s s  
than  the  v e lo c ity  fo r  a d u lt populations ( t  = 5.74, p<0.001). The 
in c lu s io n  of Ju v en ile s  i n  a n a ly s is  o f a ftaphni » m ig ra tion  w i l l  reduce 
the  es tim a ted  values o f mean m ig ra tio n  v e lo c i t ie s  fo r th e  populations.
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Field Studies a £ Evening Vertical Migrations
Control isL L igh t
U lt r a -v io le t  r a d ia t io n  In te n s ity . The p en e tra tio n  o f u l t r a - v io le t  
l i g h t  a re  hypothesized to  oon tro l am plitudes o f v e r t ic a l  m igration  by 
fo rc in g  zooplankton to  avoid shallow er depths during th e  day (H airston  
1976; R lngelberg, « t-a i. iq84). The f i e ld  data c o lle c te d  in  th i s  study 
in d ic a te  a v a r ia b le  to le ran ce  fo r  u l t r a - v io le t  r a d ia t io n  as  w e ll as a 
probable avoidance o f i t .  In  lakes w ith  1.9 mg ch lo rophy ll a  m~3, 
le th a l  doses o f UV-B ra d ia t io n  (290-315 nm) (Table 11) should p en e tra te  
to  about 4.6 m a s  based on te n  hours of d ay lig h t (F igure 2 in  R ingel- 
berg, e t .a l .  1984). Since the  damage susta ined  from the ra d ia t io n  i s  
cum ulative (Damkaer, e t .a L  1980), th e  le th a l  dose i s  expressed as  
Wcm“2 in te g ra te d  over tim e, L a .. Wscm-2. The la k e s  considered in  t h i s  
study have autumnal ch lorophyll a co n cen tra tio n s in  th e  range 0.4 to  
2.0 mg ch lo ro p h y ll a m“3 (Table 12). In  Upper Sawyer Pond more than 
50* of the  HolQPediUB tflbberum. Dlaphanaaoma brachvurum. and Dlantomus 
spp, p o p u la tions a re  above 4.8 m (F igure  31). The Lower Sawyer Pond 
populations were oentered w ith in  2 m of th is  LD50 depth (F igure 32), 
whereas most of the populations in  Stonehouse Pond had p re -m ig ra tio n  
depths fo r  th e  popu la tion  Q50 o f 1.5 m o r le s s  (F igure 33)* And in  
Barbadoes Pond (Figure 34), where day samples w ere taken a t  1450 hours 
in  b rig h t sun, the popu la tion  Q50's ranged from 4.86 m (Dlaphanaaoma 
brachvurum) t o  1.00 m (sm all cyclopoids).
The New Hampshire mountain la k e s  have l ig h t ly  colored w ater, w h ile  
Stonehouse Pond i s  s ta in ed , and Barbadoes Pond i s  r e la t iv e ly  p roductive 
(pera. observ.). In  th e  f a l l ,  zooplankton above 2 m depth appear to  be 













d ep th  of SO lux = 6 .8 5  m 
4*> In light Intensity 
o dog distribution quartilts 
■ night distribution qwrtites 
□  foodconcenlr«tion(mg/l)
In light intensity
Figure 31. Day and n ig h t population  q u a r t l le s  fo r  th e  zoo-
plankton in  Upper Sawyer Fond on 13 Sept 1986 compared w ith  
d iatrib u tlon  of food concentration (mg dry weight o f  
seston  ^30 um diameter 1“ )^» and the p ro file  o f  l ig h t  
in te n s ity  (Wcm-2 ) during the day.
A Daphnia oatawba. B Boamlna a p , C HPlPPflfliMl jgihltfiCUBs 
D Diaphanasoma brachvurum. E BiaPtPttUa minutua> F sm all cy­
clop olds, G la rg e  eyclopoids, and H Chaoborus punotlpannla..
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depth of 50 lux :  10.57 m 
-M- In light Intensity 
a day distribution guar tiles 
■ night distribution guertiles 
□  food concentration (mg/l)
In light intensity
Figure 32. Day and n igh t population q u a r t l l e s  f o r  th e  zoo­
plankton  In  Lower Sawyer Fond on 10 October 1986 compared 
w ith th e  d la tr lb u tio n  o f food co n c e n tra tio n  (a g  dry weight 
of aea to n  130 urn diam eter I " 1), and th e  p ro f i le  o f  
l ig h t  (W ca^) in te n s i ty  during th e  day.
A Danhnla galeata-m endotae. B Bogaloa a p., C HolQBOdlUa 
gibberum . D Dlanhanaaoma braohvurua. E PlaPtOIBUfl fllnUtUB,
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-» In light Intensity 
o day distribution quortiles 
■ night distribution quortiles 
□  food concentration (mg/l)
In light Intensity
Figure 33. Day and night population qu artllea  fo r  the zoo-
plankton In Stonehouse Fond on 13 July 1983 compared w ith  
the food concentration (mg dry weight of sesto n  130 urn 
diameter 1“ *), and the p ro file  o f  l ig h t  In ten sity  during 
the day (In Hem-2). A Daphnia catawba.
B Daohnla arnblma. C fioanloa a p., D JtolflPftdlUB glbbflrUBt 
E Dlaphanaaoma brachvurum. F Dlaptomua apt, G cyclopolds, 










- 1 4  - 1 0
In light Intensity
depth of SO lux = 6 65 m 
n  In light intensity 
a dey distribution quortiles 
■ night distribution quartilss 
□  food concentrations (mg/l)
Figure 34* Day and night population q u artilea  for the zoo­
plankton in  Barbadoes Pond on 29 August 1986 compared w ith  
the d istr ib u tio n  of food concentration (mg dry weight of  
sesto n  urn diameter 1“ 1), and the p r o file  of 
l i g h t  in te n s ity  (Worn”2} during the day.
A Daohnia Catawba. B Danhnia qnblgUB» C BoamlDa s p ,
D Dlaphanaaoma braehvurum. E PlaPtPnUfl a|X, F sm all 
cyclopolds, G l a r g e  c y c l o p o l d s .
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zooplankton Vs ce-2 rs fe rsn o e
Daphnla lo n g lsp ln a  0.49
Daphnla pulex 0.77
c le a r  Aoanthodlaptomua 0.45
red  Aoanthodlaptomua 0.30




Table 11. L ethal dosages o f UV-B
Slebeck 1978
LD50 (290-350 nm)
Ringelberg, a t .a l .  1 964 
LD50 (290-315 nm)
Damkaer, e t . a l .  1980
minimum e f fe c tiv e  dose 
fo r  m o rta lity . (290-315 nm)
ra d ia t io n  fo r  v ario u s  zooplankton.
lake ex tin c tio n  f a l l  chlorophyll a
c o e f f ic ie n ts  ep illa n lo n  (eg sr3)
Upper Sawyer Pond -0 .679  0.62
Lower Sawyer Pond -0 .342 0.67
Stonehouse Pond -0 .955  —
Barbadoes Pond -1 .429  1 - 94
Table 12i F a ll  ch lo ro p h y ll a  co n cen tra tio n s  in  th e  Sawyer Ponds 
and Barbadoes Pond from September, and e x tin c tio n  
c o e f f ic ie n ts  fo r  th e  w ater column ( th is  study) by reg ressio n , 
p<0.001.
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su rface  I n te n s i t i e s  of u l t r a - v io le t  ra d ia tio n , th ese  same populations 
would s u ffe r  a 50£ m o rta lity  w ith  8 -  12 days' exposure to  UV-B 
ra d ia t io n  a t  0 -  2 m (Table 13)* This supports  th e  hypothesis th a t  
zooplankton may m igrate  to  avoid damaging r a d ia t io n  (H airston  1976). In  
a d d itio n  th e  above o b serv a tio n s  would ex p la in  th e  se a so n a lity  sometimes 
noted in  the  am plitudes o f m ig ra tio n  (S tlch  and Lampert 1981).
Upper Sawyer Pond
pre-migration dava to  LD5Q
depth o f  Q50 (■) f a l l  summer
Jiaatpm ua 3.42 32 8
Dianhanasoma 3.59 34 9
lg . cyclopolds 4.56 51 13
Holopedium 4.59 51 13
Papbnla 5.29 68 18
sm. cyclopolds 5.46 72 19
Boamina 5.60 77 20
Lower Sawyer Fond
pre-migration dava Jfca LD50
depth o f  Q50 (m) f a l l  summer
sm. cyclopolds 4.05 41 11
Dlanfcomus 4.99 60 16
Dlaphanaaoma 5.41 71 19
DaDhnia 5.74 81 21
lg. cyclopolds 6.14 95 25
HoloDedlum 6.25 99 26
6.77 122 32
Stonahouae Pond
pre-m igration d a v a  u w o
depth o f  Q50 (m) f a l l  summer
Jlaptonua 1.23 27 7
DaDhnia catawba 1.32 29 8
Dianhanasoma 1.48 34 9
cyclopolds 1.65 40 10
Bolooedium 1.68 41 11
Chaoborua 4.84 849 222
DaDhnia ambiaua 5.^2 1346 352
5.83 2197 574
Barbadoes Pond
pre-m igration dava l a  LD50
depth o f  Q50 (a) f a l l  summer
sm. cyclopolds 1.00 21 6
D l^Q fcom us 3.11 161 42
lg. cyclopolds 3.32 197 52
DaDhnia catawba 3.40 213 56
Boaalfla 3.41 215 56
D a D h n ia  am h1 <rua 4.82 833 218
D la p h a n a a o m a 4.86 866 226
Table 13. Days to  LD50 from u l t r a - v io le t  ra d ia t io n  damage a t  the
depth of th e  popu la tion  Q50 p r io r  to  m igration . Based on 
in c id en t u l t r a - v io le t  ra d ia tio n  fo r  f a l l  and summer in  
M anchester HA (Damkaer e t.a l.  1964), k va lues o f 0.40 m-1 
in  the Sawyer Ponds, and 0.96 m~1 in  Stonehouse and 
Barbadoes Ponds, and a te n  hour day. Siebeok's (1978) 
value o f  0.49 wsom"2 LD50 fo r  Daphnla lonaiapina was used 
a s  an LD50 estim ate .
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The depths of th e  popu la tion  Q50's p r io r  to  m ig ra tion  (Table 13) 
show th a t  the same sp ec ies  a re  o f te n  found In  s im ila r  p o s itio n s  r e l a ­
t iv e  to  one ano ther In  the  w ater oolumn In  a l l  four lakes. This 
su p p o rts  the concept o f a  v a r ia b le  to le ra n ce  fo r u l t r a - v io le t  wave­
len g th s  by the same species  found a t  d i f f e r e n t  depths o r In  d if fe re n t 
bodies o f w ater (Slebeck 1981). I t  I s  a lso  p o ssib le  th a t  these  
po p u la tio n s  a re  capable of p h o to re ac tiv a tio n , a physio log ical re p a ir  of 
UV-B damage c o r re la t in g  w ith  exposure to  lo n g er w avelengths of 
r a d ia t io n  (K althoff 1975; Slebeck 1978). Those popu lations found 
deeper than p o te n tia l ly  damaging UV-B I n te n s i t i e s  may depend more on 
v e r t ic a l  m ig ra tions as a means o f avoiding th i s  damage.
Water transparency. The m ig ra tio n s o f th e  zooplankton populations 
examined showed a s ig n if ic a n t  c o r re la t io n  between p re -m ig ra tio n  depth 
of th e  population  Q50's and th e  w ater transparency  (Table 14). The 
zooplankton po p u la tio n s  were deeper In  more tra n sp a ren t w aters.
regression
y = 6 .0 5  -  2.298 x, r 2 = 0.293 
a n a ly sis  o f  variance
source df aa ms f
regression  1 23.573 23-573 10.819 0.01>p>0.001
error 26 56.651 2.179
to ta l 27 80.224
Table 14. A nalysis o f variance  fo r  the  re g re s s io n  between pre-m igra­
t io n  depths of th e  population  Q50fs  fo r  a l l  of th e  migra­
tio n s  observed In  th e  f ie ld  (Table 11) and th e  transparency  
of th e  lak e  w ater (Table 12). (y = p re -m ig ra tio n  depth of 
the popu la tion  Q50's; x = the  w ate r transparency  as k m“ 1).
This suggests  th a t  zooplankton avoid high l ig h t  in te n s i t i e s ,  and pos­
s ib ly  u l t r a - v io le t  ra d ia t io n  damage, or d e tec tio n  by v isu a l p redato rs . 
C ontrol by Food
Low food co n cen tra tio n s  a r e  hypothesized to  reduoe m ig ra tio n s  to  very 
sm all am plitudes (Huntley and Brooks 1982; Dagg 1985; Johnsen and 
Jakobsen 1987). My f ie ld  d a ta  are  not c o n s is te n t w ith  th is  hypothesis. 
The le a s t  am plitudes o f m ig ra tio n  w ere i n  Stonehouse Pond where Daohnia 
■Satawbai Diaphanasoma brachvurum. and Dlaptomua spp. d id  not m igrate , 
and only Bosmina spp, moved fu rth e r  th an  2.5 m (F lg ire  33). Stonehouse 
Pond had, however, 1.75 tim es  the food co n cen tra tio n  found in  Upper 
Sawyer Pond, where a l l  of th e  popu la tions m igrated, and of these , 
Bosmina spp., Holopadium gibberum, and sm all cyclopolds moved f u r th e r  
than  2.5 m (F igure 31). The populations i n  Barbadoes Pond gen era lly  
m igrated a s h o r te r  d is tan ce  than those i n  Upper Sawyer Pond, and th ese  
two lakes w ere the  r ic h e s t  and poorest i n  seston  of e d ib le  s ize  to  
zooplankton g razers , re sp ec tiv e ly .
Pijanowska and Dawldowlcz (1987) proposed th a t  although the  food 
s tru c tu re  of th e  w ater column and p red a tio n  p ressure work to g e th e r to  
determ ine w hether a p o p u la tio n  w i l l  m igrate , a homogeneous food 
environment preoludes m ig ra tio n  G liw icz and Pijanowska (1988) have 
suggested a model fo r t e s t in g  these hypotheses. The lak e s  examined in  
th e  cu rren t s tu d y  vary in  food concen tra tion , and a l l  co n ta in  w ith  
brook tro u t. Thus these la k e s  correspond to  the low land Polish la k e s  
examined by G liw icz and Pijanowska (1988). Their model assumes th a t  
th e  population  p re -m ig ra tio n  depth i s  p ro p o rtio n al to  th e  w ater 
transparency , a s  was shown fo r  the New Hampshire lak es  (Table 14).
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In  the Sawyer Ponds and Barbadoes Pond, the tendency to  m igrate  
was s ig n if ic a n tly  c o rre la te d  w ith  the pro p o rtio n  o f th e  d iffe ren ce  
between e p illm n e tlc  and hypollm netic food co n cen tra tio n s  to  hypolim- 
n e t ic  food co n cen tra tio n  (F) (Table 15)*
The G llw lcz-Pljanow ska model a lso  p re d ic ts  th a t  when th e  r a t io  of 
food co n cen tra tio n  i n  th e  ep llim n ion  to  th a t  below th e  day depth of the 
popu la tions i s  l e s s  than  two, no m ig ra tio n  should occur. Although 
th e re  was some food s t r a t i f i c a t i o n ,  th i s  value was l e s s  than two fo r  
th e  Sawyer Ponds and Barbadoes Pond. M igrations d id  take place, 
however. In  Upper Sawyer Pond th e re  was a  s lig h t  in c re a se  in  food
Tendenay to  Migrate 





















y = -0 .6 4  + 0.86x, r 2 = 0 . 3 8 9  
a n a ly sis  o f  variance
source df
regression  1 
error 12












Table 15. A nalysis o f variance  fo r  th e  reg re ss io n  between the
tendency to  m ig ra te  and th e  food  r a t i o  (F). (y = th e
tendenay to  m igrate , x = the  food r a t io  (F); see f i e ld
methods fo r  d e f in it io n s  ).
111
co n cen tra tio n  above the p re -m ig ra tio n  depths in to  which most of the 
p o pu la tions m igrated  (F igure 31). In  Barbadoes Pond th e  recorded 
co n cen tra tio n  o f ed ib le  s iz e  p a r t ic u la te  was g re a te s t  below 6 m (Figure 
34), but p o ssib ly  th e re  was a lay e r of higher food co n cen tra tio n  above 
th e  anim als in to  which they moved. Lower Sawyer popu la tions move away 
from the  h igher food co n cen tra tio n s  above them (F igure 32). The 
agreem ent between the  r e s u l t s  o f th e  model in  P o lish  and Mew Hampshire 
la k e s , d e sp ite  l e s s  s t r a t i f i e d  food and the  use o f seven species  in  th e  
New Hampshire study, su g g ests  th a t  in  nature  food co n cen tra tio n s 
in flu en c e  m ig ra tio n s  more s tro n g ly  th an  in d io a ted  by th e  lab o ra to ry  
d a ta .
Phvtonlankton Composition
Measurements of se s to n  of e d ib le  s iz e  by e i th e r  dry w eight ( th is  
s tu d y ) or by carbon a n a ly s is  (Gliw icz and Pijanowska 1988) do not 
d is tin g u ish  betw een in e d ib le  and e d ib le  phy to  plankton, o r between l iv e  
and decaying c e l ls .  Dry w eight may provide an approxim ation of food 
a v a i la b i l i ty  in  a  lak e , but not n ec e ssa rily  i t s  lo c a tio n .
P ro file s  o f oh lorophyll a co n cen tra tio n  (Table 16) and an 
exam ination  of th e  phytoplankton com position in  th e  Sawyer Ponds and i n  
Barbadoes Pond in d ic a te  th a t  the phytoplankton com position may 
in flu en o e  the  d ire c t io n  o f th e  m lg ra tlo a  The ch lo ro p h y ll a maximum in  
Lower Sawyer Pond in  September was found from 8-12 m, th e  range of th e  
m etalim nlon in  both September and October (F igure 35). In  add ition , 
the  g e la tin o u s, le s s  e d ib le  b lue-g reen  a lg a  Aphanooaoaa apt dominated 
i n  th e  top 4 m o f  the w ater column, w hile  th e  h igh ly  ed ib le  Crvptomonaa 
sp. was dominant from 4-12 m. Thus i n  Lower Sawyer Pond th e  downward 














F ig ire  35. Temperature p r o f i l e s  (°C) from Lower Sawyer Pond on 
13 September 1986, and 10 October 1986.
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Chlorophyll a  p r o file s
Upper Sawyer Lower Sawyer Barbadoes
depth Chi a depth Chi a depth Chi a
(a) (ag ar3) (a) (ag ar3) (a) (ag  r 3 )
0 0.43 0-4 0.41 0 .5 1.33
0-2 0.41 4-8 0.93 3.0 2.55
2-4 0.57 8-12 6.59 6 7.00
4-6 1.07 12-16 0.71 9 14.71
16-20 3.88 12 13-57
20-24 0.36
24-28 3.70
Table 16. P ro f i le s  of c h lo ro p ly ll a i n  Upper Sawyer and Lower Sawyer 
Ponds (September), and Barbadoes Pond (October). (Data from 
UNH F ie ld  Limnology Course, 1986).
an  e p ilim n e tic  maximum of low q u a lity  p a r t ic u la te s  and in to  a la y e r  o f 
more ed ib le  food (F ig ire  32, Table 16). The ch lo rophy ll a in  Upper 
Sawyer was homogeneous above 4 m, and was p rim arily  from the e d ib le  
phytop lankters Euglena sp. (0-2 m), and Gvmnodlnlum sp. (2-4 m). 
Therefore, both food co n cen tra tio n  and th e  a lg a l sp ec ie s  present 
favored  an upward movement in  Upper Sawyer Pond.
In  Barbadoes Pond th e  ch lo rophy ll a  rose s te a d ily  w ith depth and 
became very high in  the  hypolimnlon (Table 16), where the green s u lfu r  
bacterium  Chloroblum s p  dominated from 6-8 m. However, these b a c te r ia  
were unavailab le  a s  food due to  low oxygen co n cen tra tio n s  (F ig ire  36). 
The tem perature p ro f i le  in  Barbadoes Pond in  1986 (F igure 36), and a 
transm i some t ry  p ro f i le  and a floureacenoe p ro f ile  from  1988 (F ig ire  37) 
show no d i s t in c t  la y e rs  w ith in  th e  top 5 m. In  th e  f a l l ,  1986, th e re  
were d ls t in o t  la y e rs  o f a lg ae  i n  the upper 5 m, however, dominated by 









» day distribution quartiles 
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temperature *C
F ig u re  36. Day and n ight popu la tion  q u a r t i l e s  fo r  th e  zoo­
plankton i n  Barbadoes Pond on 29 August 1986 compared w ith  
the tem perature  (°C), and oxygen (mgl**1) p ro f ile s .
S ym bols a s  i n  F ig u re  3 4.
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BARBADOES POND 2 7 -S e p -8 8  Noon 
Alpha (per meter)




Chlorophyll Fluorescence (relative units)
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600200 4000
F ig ir e  37. P ro f i le s  o f  l i g h t  sbsorbsnoe a t  depth  (alpha) and 
ch lo rophy ll flouresoenoe in  Barbadoes Pcnd. (JUL. Baker, 
u n p u b ., u se d  w i th  p e r m is s io n ) .
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s p  from 2-4 m. Again th e  data  suggest th a t  th e  phytopiankton 
com position r a th e r  than food co n cen tra tio n  was more im portan t in  
determ in ing  th e  d ire c t io n  of m ig ra tlo a  
Control P redation
.Visual P redatora The zooplankton in  t h i s  study, a s  found by 
McNaught and Haaler (1964), did n o t tak e  advantage of a l i g h t  re fuge  
from f ish  during  th e  day in  Upper Sawyer, Lower Sawyer, and Stonehouse 
Ponda A l i g h t  refuge was probably no t a v a ila b le  in  Barbadoes Pond a s  
oxygen co n cen tra tio n s  w ere le s s  th an  1 mgl“ 1 (F igure 36), w ell above 
th e  low er l i m i t  o f the  photic  zone (F ig ire  34). Confer e t .a l .  (1978) 
showed th a t  below 50 lux of I llu m in a tio n  (about 2.5 x 10” 5 W cm"*2), th e  
v isu a l a cu ity  o f t ro u t  preying upon Daphnla la rg e r  than  1.2 mm in  body 
len g th  begins to  d im inish . This i s  th e  upper s iz e  l i m i t  o f  zooplankton 
i n  th ese  s tu d le a  At 50 lux , then, they should be le s s  v u lnerab le  to  
v isu a l p red a tio n  than  a t  g rea te r  l i g h t  i n te n a l t l e a  However, of the 
popu la tions i n  th ese  lak es , only Bosmina s p  and sm all cyclopolds i n  
Upper Sawyer Pond (F igure 31), and Daphnla ambiaua. Bosmina s p ,  and 
cyclopolds in  Stonehouse Pond (F igure 33)> had p re -m ig ra tio n  depths fo r  
th e  popu la tion  Q50 which were a t  or below th e  depth w ith  50 lux of 
i l lu m in a tio n  Thus th i s  aspect o f  th e  f ie ld  o bservations does not 
support th e  p re d ic tio n  th a t  zooplankton rem ain deeper i n  th e  w ater 
column during  the  day i n  order to  avoid v isu a l p red a to rs  (Zaret and 
S u ffe rn  1976). Together, food co n cen tra tio n  and phytopiankton 
com position seem to  ex p la in  d is t r ib u t io n s  of zooplankton i n  these  la k e s  
b e t te r  than p red a tio n  does.
Fish d e n s it ie s  e s tim a ted  from sonar tra c in g s  (Table 17) were not 
s ig n lf io a n tly  c o rre la te d  w ith  p re-m ig ra tio n  depths (F < 1.8, p>0.10).
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This i s  c o n s is te n t w ith  the  o b se rv a tio n  th a t  th e  zooplankton in  th ese  
lak es  did  not avoid f is h  by moving in to  a  l ig h t  refuge during th e  day.
# fish /tr a n se c t  estim ated den sity  (# ar3)(fo*)
water co lu u i stratum: upper lower upper lower
Sept Upper Sawyer 1.5 8.5 7.09 0.57
1982
Sept Lower Sawyer 12 8 16.5 2.46
1981
Sept Lower Sawyer 13.5 9.5 18.6 2.93
1981
May Stonehouse 17 7 14.6 4 .72
1983
Aug Barbadoes 75 26 1050 51.9
1986
Table 17. Estim ated density  o f f i s h  (# m“ 3) in  the  upper and low er 
p o rtio n s  of th e  w ater column (see f ie ld  methods: sonar 
a n a ly s is ) . Upper Sawyer and Barbadoes numbers e s tim a ted  a re  
th e  means o f two r e p l ic a te  tra n se c ts ,  th e  rem aining 
counts shown a re  fo r  one tra n s e c t.
Tactile P redato rs. The m ig ra tio n s  observed in  th e  f ie ld  s tu d ie s  
were only p a r tly  c o n s is te n t w ith  the suggestion  o f Ohman, et.al.
(1983), th a t  in v e r te b ra te  p red a tio n  r e s u l t s  in  re v e rse  m ig ra tlo n a  The 
most abundant in v e r te b ra te  p red a to rs  found in  the sam ples from th i s  
study were la rg e  oyclopoid oopepods and Chaoborus larvae . The 
d is t r ib u t io n s  o f the cyclopolds overlapped those o f th e  o th e r zoo­
plankton in  a l l  four lak es , in d ic a tin g  th a t  th e  cyclopolds w ere e i th e r  
fo llow ing  th e i r  prey and so oould not be avoided, o r th a t  o th e r f a c to rs  
r e s t r i c te d  th e  zooplankton from moving away. The g re a te s t  d en s ity  of 
la rg e  oyclopoids was found in  Barbadoes Pond (Table 18), where only the  
sm all cyclopolds m igrated  downward. The oyclopoid den sity  in
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Stonehouse Pond was about h a lf  as g re a t as  in  Barbadoes Pond (Table 
18). In  Stonehouse Pond, Daphnla amblgua and Holopedlum .glbberum were 
found a t  n igh t below th e  m ajo rity  o f the  cyolopolds (F ig ire  38), and 
the  Daphnla amblgua popu la tion  was a lso  below most o f th e  Chaoborus 
p o p u la tio n  In  Upper Sawyer Pond, the  den sity  of cyolopoids was 
approxim ately h a l f  th a t  found in  Barbadoes Pond, and one q u a rte r  of 
th a t  found in  Stonehouse Pond (Table 18). There was, however, a 
popu la tion  of Chaoborus (F igure 31). Even so, no rev e rse  m ig ra tions 
were observed i n  Upper Sawyer Pond. In c o n tra s t  to  th e  o ther th re e  
lakes, th e re  were very few cyclopoids in  Lower Sawyer Pond (Table 18), 
and no Chaoborus observed. Yet, a l l  but one of th e  zooplankton 
popu la tions th e re  undertook rev e rse  m ig ra tio n s  (F igure 32).
In  Upper Sawyer Pond, Lower Sawyer Pond, and Stonehouse Pond, no 
oxygen d e f i c i t  r e s t r i c t s  th e  zooplankton to  th e  ep lllm n io n  (F igures 39, 
40, and 36) The above o b servations in d ic a te  th a t  the  presence of 
in v e r te b ra te  p red a to rs  may not be s u f f ic ie n t  to  e l i c i t  rev erse  
m ig ra tio n s  in  lak e  zoop lank toa
Upper Sawyer Lower Sawyer Stonehouse Barbadoes
sean density  o f
large cyolopoids 1.45 0.23 3.04 * 7.08
(nos.l"'1)
Table 18. The mean d e n s it ie s  o f la rg e  oyclopoid cope pods in  th e  f i e l d  
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Figure 38. Day and n ig h t population q u a r t i le s  f o r  the  2 0 0 -
plankton in  Stonehouse Fond on  13 Ju ly  1983 compared v i t b  
the tem perature (°C), and oxygen (mgl"1) p ro f i le s .  
S ym bo ls  a s  in  F ig u r e  33»
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Upper Sawyer Pond 
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temperature *C
F ig u re  39. Day and mghfc population q u a r t i le s  fo r  th e  zoo­
plankton  i n  Upper Sawyer Bond on 13 September 1966 compared 
w ith  the  tem peratu re (°C), and oxygen (mgl“ 1) p ro f i le s .  
S y m b o ls  a s  In  F ig u r e  31*
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Lower Sawyer Pond
TEMPERATURE *C /OXVGEN (mg/l)
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DEPTH
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a day distribution quartiles 
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♦  temperature *C
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2 4
Figure 40. Day and n ig h t population q u a r t i l e s  fo r  th e  zoo­
p lankton  in  Lower Sawyer Fond on 10 O ctober 1986 compared 
w ith  the  tem perature  (°C), and oxygen (mgl“ 1) p ro f i le s .  
S y m b o ls  a s  i n  F ig u re  32.-
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U tt  In fluence Temperature
Zooplankton may be found a t  spec ies  s p e c if ic  p re -m ig ra tio n  depths 
a sso c ia te d  w ith  narrow ranges o f tem perature during th e  summer months 
(G eller 1986). Temperature may a lso  provide s p a tia l  o r ie n ta tio n  cues 
to  some m ig ra tin g  zooplankton (Moore e t .a l .  1953)* However, th e re  was 
no n o tic e ab le  In fluence  of tem perature on th e  d lre o tlo n  of m ig ra tion  in  
th is  study. Daphnla app, m igrated  upward In  Upper Sawyer Fond a t  15.9 
to  17*6 °C (F igure 39), and a lso  in  the  much warmer w ater of Barbadoes 
Fond, 19.5 °C (F igure 36). In  th e  ep illm nion  o f Stonehouse Pond, 22 to  
25 °C, in  Stonehouse Pond, Daohnla did not m ig ra te  (F igure 38). The 
ep illm n io n  o f  Lower Sawyer Pond was cooler th a n  the o th e r  lakes a t  11.6 
°C (F igure 40), w hile  the  m etalim nlon of Stonehouse Pond had a g rad ien t 
of tem pera tu res  from 5 to  22 °C (F ig ire  38). In  these two lakes th e  
Danhnia follow ed rev e rse  m ig ra tio n  p a tte rn s. A s im ila r  v a r ia b i l i ty  in  
m ig ra tio n s was noted fo r  the o th e r  Cladocera. The d if f e r in g  responses 
to  warm and cold tem pera tu res  m ight suggest th a t  seasonal v a r ia t io n  in  
the  m ig ra tio n s  I s  due a s  much to  r e la te d  changes in  l i g h t  and 




The d a ta  co lle c te d  In  th e  lab o ra to ry  s tu d ie s  revealed  sev era l 
q u a n ti ta t iv e  r e la t io n s h ip s  These genera lized  re la t io n s h ip s  are  sum­
m arized In  a  co n tro l model In  F igure 41.
P re-m ig ra tio n  depths were deeper when su rfac e  l ig h t  I n te n s i t i e s  
were g rea te r . Only w ith  a  f is h  p resen t were th e  Dachnia 
populations deeper when e i th e r  food co n cen tra tio n s  in creased  or 
p o p u la t io n  den sity  decreased (Figure 41).
Amplitudes o f m ig ra tio n  increased  s tro n g ly  w ith  in c reasin g  pre- 
m ig ra tio n  depths, but did no t respond to  changes in  the th re e  regu la­
to ry  f a c to rs  considered ( l ig h t ,  food concen tra tion , and presence of a 
f i s h )  (F ig u re  41).
No s ig n if ic a n t  re la t io n s h ip s  w ere found between m ig ra tio n  v e lo c ity  
or d u ra tio n  of m ig ra tio n  and food concen tra tion , l ig h t  s tim u lu s , o r 
tem perature. The m ig ra tion  v e lo c ity  was not in flu en ced  by th e  presence 
o f f i s h .
The tim ing  of the  evening m ig ra tio n  i n i t i a t i o n  (EMI) was highly  
p red ic tab le  from the  tim e o f R lngelberg 's s tim u lu s  th resh o ld  (RST). 
N either the  presence of a f is h ,  nor d if fe r in g  food co n cen tra tio n s  
in fluenced  the  re la t io n s h ip  between EMI and RST.
The r e s u l t s  in d ic a te  th a t  th e  r e la t iv e  In flu en ces  o f l ig h t ,  food 
concen tra tions, and the presence of a  f i s h  are  d i s t in c t  fo r  pre- 
m ig ra tio n  depths, am plitudes o f m igrations, and tim in g  of m ig ra tio n
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p re -m ig ra t io n
( s t im u lu s
h € K  implitude**)
.............^ d u ra tio n )
^ ( v e lo c i ty J
Control of evening vertical migration
F ig u re  41. Summary of th e  re la tio n sh ip s  between th e  c o n tro llin g  
fa c to rs ;  l i g h t  In te n s i ty  (surface I n  I,,* and a t  population 
depths I n  Iz ) l l ig h t  stim ulus (se c " 1)* food co n cen tra tio n  
(mgl- 1 ), and presence o f  a f is h , and param eters o f  a  m igra­
t io n : th e  p re -m ig ra tio n  depth, am plitude, d u ra tio n , velo­
c ity , and tim e of th e  evening m ig*atlon  i n i t i a t i o n  (EMI).
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i n i t i a t io n s .
The f ie ld  r e s u l t s  provided a d d itio n a l in s ig h t in to  th e  reg u la tio n  
of th e  p re-m ig ra tio n  depths. They su g g sst th a t  QV-B r a d ia t io n  has a 
seasonal in flu en ce  on p re -m ig ra tio n  depths, w ith summer in te n s i t i e s  
r e s u l t in g  In  th e  deepest p re-m ig ra tion  depths, ft?e-m igration depths 
were deeper as th e  transparency  of the la k e s  in creased , in d ic a tin g  
p o ss ib le  avoidance o f l ig h t  in t e n s i t i e s  an d /o r v isu a l p redators.
The f ie ld  r e s u l t s  a lso  In d ic a ted  th a t  low oxygen co n cen tra tio n s  
r e s t r i c t e d  zooplankton to  th e  ep illm n io n  Otherwise n e ith e r  tempera­
tu re  nor oxygen appeared to  in fluence th e  m igrations. The f ie ld  
s tu d ie s  in d ica te d  th a t phytopiankton d is t r ib u t io n s  may play a 
determ in ing  ro le  in  th e  d ire c t io n  of m ig ra tio n
In the  f i e l d  s tu d ie s , th e  in fluence  o f food was g en era lly  s tro n g e r 
th an  th e  in flu en c e  of fish . The zooplankton were not deep enough to  
take  advantage o f a v isu a l re fuge , ncr d id  f i s h  density  o o rre la te  w ith  
p re -m ig ra tio n  depths. These observations suggest f is h  a re  a c tiv e ly  
fo rag in g  on th e  zooplankton to  in flu en ce  m ig rations.
Pre-migration depths 
The la rg e s t  zoop lank ters  should be th e  most s u sc e p tib le  to  v isu a l 
p red a tio n , and th u s  should be found a t  g r e a te s t  depths and should 
m ig ra te  the  f a r th e s t  (Z aret and Suffern  1976). However, th e  sm alles t 
Cladooeran in  th e  New Hampshire lakes, Bosmina s p ,  m igrated  f a r th e s t  
in  a l l  four lakes. Daphnla gmblyua m igrated  in  Stonehouse and 
Barbadoes Ponds w h ile  th e  la r g e r  D a n h n ia  oatawba did no t m igrate and 
was h igher in  th e  w ater column The sm a lle r  of the two Danhnia sp ec ie s  
in  Lake Constance, h v a lln a . m igrated deepest and f a r th e s t  
(G e lle r  1986). Daphnla h v a lln a  from Lake Constance was shown
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experim en tally  to  be sm alle r because of the  tem perature d iffe ren ces  
encountered during  m ig ra tio n  (S tich  and Lamport 1984). Possibly  
B o s m in a  and n a o h n ia  amblgua a re  more to le ra n t  of d a lly  
f lu c tu a tio n s  in  tem perature than  la rg e  Cladocera such as D a n h n ia  
catawba. and thus ab le  to  m igrate  more o ften .
The zooplankton In  a l l  o f th e  lak es  In  the p resen t study had pre­
m ig ra tion  depths above th e  depth o f 50 lux  illu m in a tio n , which i s  th e  
l i g h t  in te n s i ty  a t  which t ro u t  s t a r t  to  loose v isu a l acu ity  (Confer 
e t-aL  1 9 7 8 ). In  c o n tra s t, Wright e t .a l .  (1980) rep o rted  th a t  the 
la rg e r  zooplankton in  Lone Star^Lake were found below th e  depth of 10 
lu x  il lu m in a tio n , the c r i t i c a l  le v e l  of i l lu m in a tio n  fo r  prey lo o a tio n  
by w hite crapple. Avoidance of v isu a l p red a to rs , then, co n trib u te s  
only a p o rtio n  of th e  v a r ia b i l i ty  seen in  p re-m ig ra tio n  depths.
The s tro n g  p o s itiv e  c o r re la t io n  between p re -m ig ra tio n  depths and 
am plitude i n  th e  experim ental columns (r2=80f, p<0.001) In d ic a te s  th a t  
th e  fa c to rs  c o n tro llin g  p re -m ig ra tio n  depths have a s u b s ta n tia l 
in flu en ce  on th e  e n t i r e  m i& *atioa L igh t in te n s i ty ,  food concen tra tion  
in  th e  presence of a f is h , and population  density  in  th e  presence of a 
f is h ,  each p red ic ted  le s s  than  h a l f  o f  the  v a r ia b i l i ty  o f the pre- 
m ig ra tio n  depths (R esu lts  and D iscussion, pi63, and Tables 6-8). This 
im p lie s  th a t  a d d itio n a l f a c to rs  co n trib u te  to  th e  re g u la tio n  of the 
popu la tion  pr^>m lgration depths. In  ad d itio n , l ig h t ,  food, f is h , and 
population  d en s ity  may modify the d is t r ib u t io n  of zooplankton 
e s ta b lish e d  in  th e  e a r ly  morning a t  th e  end o f the  dawn desoent. The 
f a c to r s  re g u la tin g  dawn descent may a lso  in fluenoe  p re-m ig ra tio n  depth 
and thus th e  oourse of th e  next evening 's m ig ra tio n
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P o o d  C o n c e n t r a t i o n  
The c o n tr ib u tio n  of food co n cen tra tio n  to  the v e r t ic a l  
d is t r ib u t io n  o f zooplankton I s  assigned  a  d if f e r e n t  ro le  by d i f f e r e n t  
models. K erfoot (1970) proposed l ig h t  in te n s i ty  as a  fram e of 
re fe ren ce  fo r  m ig ra tin g  zooplanktoa His model emphasizes the  food 
energy p o te n tia l ly  a v a ila b le  to  m ig ra to rs, assuming a p o s itiv e  
c o r re la t io n  between l i g h t  in te n s i ty  and d a ily  production  of a lg a l 
c e lls .  V is ib i l i ty  to  p red a to rs  d riv e s  th e  zooplankton down in  th e  day, 
and food a v a i la b i l i ty  s tim u la te s  them to  swim up in  th e  evening. 
However, h is  assum ptions th a t  m igrating  zooplankton oease feed ing  a f t e r  
dark to  allow the  a lgae  a r e s p i te  from grazing , and th a t  they fo llow  
ls o p le th s  of l i g h t  in te n s i ty  (a s  in  the  preferendum hypothesis; see  
R esu lts  and D iscussion, pp.54-63)» have no d ire c t  su p p o rt, and d e tr a c t  
s tro n g ly  from h is  model.
Both Iwasa (1982) and G liw icz and Pijanowska (1988) balance th e  
in flu en c e  o f food w ith  th a t  o f v isu a l p re d a to ra  The d is t r ib u t io n  o f 
zooplankton in  th e  h y p o th e tica l lake of Iw asa 's computer game i s  based 
upon th e  avoidance o f v isu a l p red a to ra  The zooplankton rem ain deep 
when l i g h t  in te n s i ty  i s  high. Their upward movement tak es  place when a 
th re sh o ld  o f l ig h t  in te n s i ty  i s  reached. Food concen tra tions a re  
assumed to  oontro l th e  l ig h t  th resh o ld  in  an  inverse  re la tio n sh ip . 
Because decreasing  food r a i s e s  th e  th re sh o ld  l ig h t  in te n s i ty ,  
zooplankton can m ig ra te  in  b r ig h t l ig h t ,  even in  th e  presence of a 
f ish . Food overrid es  th e  in fluenoe  of th e  p re d a to ra  The r e s u l t  i s  a 
preferendum -type o o n tro l of th e  m igration , where food co n cen tra tio n  
s e ts  the optim al l i g h t  in te n s i ty  th a t  th e  zooplankton follow . The 
r e s u l t s  o f th is  study re je c te d  th e  preferendum hypothesis, and so th e
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ro le  of food in  s e t t in g  an optimum l ig h t  in te n s i ty  i s  a lso  re je c te d .
G liw icz and Pijanowska (1986) considered two extrem es, w ith  e i th e r  
food co n cen tra tio n  o r p redation  determ ining  the tendency to  m igrate , 
defined as  th e  observed am plitude over th e  d istance  between th e  pre- 
m ig ra tio n  depth and the depth o f h ig h est food co n cen tra tio n  in  the 
e p ilim n lo a  Although they considered only upward m ig ra tions, th e i r  
model a llo w s th e  in c lu s io n  of re v e rse  m ig ra tions by exp ressing  the 
am plitude of reverse m ig ra tio n s  as a negative number. Gliwicz and 
Pijanowska found a p o s it iv e  c o r re la tio n  between the tendency to  m igrate  
and the  degree of s t r a t i f i c a t i o n  of food. A p o s itiv e  c o r re la t io n  was 
found between these two v a r ia b le s  fo r  th ree  o f the New Hampshire lak es  
(Table 17)i where about h a l f  th e  m ig ra tio n s were rev erse  m lg ra tio n a  
Thus the model appears to  p red ic t both the d ire o tio n  and am plitude o f 
m ig ra tion  i n  New Hampshire lakes.
G liw icz and Pijanowska p red ic t fo r  th e i r  lak es  th a t  a r a t io  of 
food s t r a t i f i c a t i o n  (see R esu lts  and D iscussion, p.24) o f le s s  th an  2 
would r e s u l t  in  no m ig ra tio n  In  New Hampshire lak es , th e  food 
s t r a t i f i c a t i o n  r a t io s  were w e ll below 2 (Table 17). The values fo r  
th ese  r a t io s  i n  a given system may depend upon food q u a li ty  and th e  
food requ irem en ts of th e  zooplankton, which may vary re g io n a lly  or 
between d i f f e r e n t  types of lakes. Since m ig ra tions take place in  
o llg o tro p h ic  New Hampshire lak es  w ith  a food s t r a t i f i c a t i o n  value le s s  
th a n  2, perhaps a much higher value than 2 would be necessary to  allow  
m ig ra tio n s  in  extrem ely  eu tro p h ic  lakes. I t  would be w orthw hile to  t e s t  
th e  proposed r e la t io n s h ip s  o f th e  model between seasons and between 
s e ts  of lak es .
Food q u a l i ty  was a lso  proposed by G liw icz and Pijanowska (1988) a s
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a co n tr ib u to r  to  the tendency to  m igrate. Food q u a lity  appears to  be 
asso c ia ted  w ith  the  d ire c t io n  of m ig ra tion  in  th e  Sawyer Ponds and in  
Barbadoes Pond. As some copepods, Includ ing  th e  fre sh w a te r 
Eudiaptomua. can se le c t a lg a l  c e l l s  from among po lystyrene spheres 
coated w ith  a lg a l e x tra c t  (DeMott 1988), i t  i s  p o ssib le  th a t  food 
q u a li ty  may be a d ire c t reg u la to r  o f  m igration  a s  w e ll as an in fluence  
on the  tendency to  m igrate.
There i s  evidence th a t  w ith  a lim ite d  food supply zooplankton 
popu la tions rem ain c lo se r  to  the  su rfac e  in  th e  day and m ig ra te  w ith  
l e s s  am plitude in  the  evening (Huntley and Brooks 1982; Dagg 1985). 
Johnsen and Jakobsen (1987) found th a t  as food co n cen tra tio n s  in  th e i r  
experim ental chambers f e l l ,  the p re -m ig ra tio n  depths of th e  zooplankton 
a lso  ro s a  Although th e re  were no f i s h  in  the enclosu res, they 
in te rp re te d  t h e i r  r e s u l t  a s  th e  D a p h n la  r isk in g  exposure to  p redato rs  
r a th e r  than going hungry. Their m ig ra tio n s  were s im ila r  to  th e  
m ig ra tio n s  in  th is  study in  oolumns w ith  f ish  p resen t, and to  the 
m ig ra tio n s observed by Dagg (1985) i n  the f ie ld  w ith  f ish . This study 
found, however, no s ig n if ic a n t  in fluenoe of food i n  the  absence of f is h  
i n  the  columna This d iffe re n c e  in  r e s u l t s  may be due to  th e  
re sp e c tiv e  o r ig in s  of th e  experim ental an im ala The D a p h n la  i n  th i s  la b  
study had not been exposed to  f is h  fo r  a t  l e a s t  25 genera tions, whereas 
Johnsen and Jakobsen 's an im als were taken d i r e c t ly  from a lak e  w ith  a 
f i s h  p o p u la tio n  Their an im als were probably s t i l l  adapted to  the 
presence of f is h ,  w hile th e  anim als in  th is  study lik e ly  w ere re leased  
from the s e le c t iv e  fo rce  o f f is h  predation.
G e lle r (1986) proposed th a t  s ta rv a t io n  avoidance was a stronger 
in flu en c e  than predator avoldanoe on Daphnla m ig ra tio n s  in  Lake
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Constance. He p o s tu la ted  th a t  th e re  was a  m etabolic  advantage to  
descending to  a depth of low tem perature  fo r  the  day. However, work 
w ith  th e  same popu la tions showed a d i s t in c t  disadvantage to  m igrating  
popu la tions in  term s of growth (S tich  and Lamport 1984). G eller 
concen trated  on the s t a b i l i t y  o f tem perature during the  day, w hile  
S tich  and Lamport emphasized th e  f lu c tu a tio n  of tem peratu re  during th e  
m ig ra tio n  eyelet Wright e t .a i .  (1980) showed th a t  m i r a t i o n  decreased 
growth r a te s  and rep roduction  fo r  zooplankton populations. The 
m ig ra tio n  i t s e l f  i s  not c o s tly  in  term s o f energy expended in  swimming 
(Vlymen 1970). The r e s u l t s  of a  s im u la tio n  model fo r  th e  growth of 
Chaoborus under d i f f e r e n t  m ig ra tio n  p a tte rn s  (Sw ift 1975) also  p re d ic ts  
th a t  m ig ra ting  Chaoborus do no t grow as  la rg e  as non-m igrating 
in d iv id u a ls . The evidence fo r  a m etabolio gain by m ig ra tin g  Daphnla. 
then, i s  weaker than  the evidence fo r th e  p redator-food  balance models 
d iscussed  above.
Presence g f  £  P redato r 
G liw icz and Pijanowska (1988) found a  s ig n if ic a n t  c o r re la t io n  
betw een the  tendency to m igrate  and the  number o f years f i s h  had been 
p re sen t in  the u l tra -o l ig o tro p h ic  Tatra Mountain la k e a  They note th a t  
p red a tio n  In te n s i ty  and f is h  den sity  would be mere d e s ira b le  c o r re la te s  
w ith  the  tendency to  migrate^ One p o ssib le  e f fe c t  o f p redation , they 
suggest, would be to  s e le c t  a g a in s t th e  more p o s itiv e ly  p h o to tac tic  
in d iv id u a ls  in  a p o p u la tio n  This would give the  appearance th a t  the 
p o p u la tio n  was avoid ing  high l ig h t  in te n s i t ie s .  Such a s e le c tio n  i s  
not Improbable a s  Dumont e t .a l .  (1985) showed th a t p h o to ta c tic  behavior 
i n  Danhnia has a  s tro n g  g e n e tic  component. Active p red a tio n  may 
in flu en c e  the s e le c t io n  of p h o to ta c tic  behavior in  the popu la tions,
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which I n  tu rn  w i l l  In flu en ce  the  m ig ra tio n  am plitudes and th e  tendency 
to  m igrate.
In  th is  study th e  lnfluenoe o f a  f is h  on p r» -m lg ra tion  depths In  
columns was re v e rs ib le , In d ic a tin g  a  sensory response to  the  presence 
of th e  f is h . A con tin u a l presence of th e  f is h , a s  i n  lakes, would 
r e s u l t  in  Increased  pre-m ig?atlon  dep ths and th e re fo re  a r e l a t iv e  
in c re a se  In  blue w avelengths of l i g h t  a t  the popu lation  depth. Since 
in  a  population  o f Daphnia. the produotion of v is u a l  pigments can 
rev erse  w ith in  45 to  60 days in  response to  th e  co lo r of th e  l i g h t  
environm ent (McNaught 1971), a sensory response to  f is h  a c t iv i ty  could 
r e s u l t  in  a seasonal cy c le  of p h o to se n s itiv ity . Such a mechanism might 
o p era te  w ith  or w ith o u t se le c tio n  fo r  p h o to ta c tlc  t r a i t s .  The r e s u l t in g  
m ig ra tio n s  would be co n s is te n t w ith  o b servations o f  seasonal cy c le s  in  
the v e r t ic a l  am plitude o f m ig rations (S tioh and Lamport 1981).
Timing M igration
A th resh o ld  s tim u lu s  of r e l a t iv e  l ig h t  change was confirm ed in  
th is  work as a Z e ltgeber fo r  a c irc a d ia n  p a tte rn  o f  v e r tlo a l m ig ra tio n  
C ircad ian  rhythms of zooplankton v e r t ic a l  m ig ra tio n  have been shown to  
e x is t  both w ith endogenous con tro l {H arris 1963; R ingelberg and Servaas 
1 971; E nrigh t and Honneger 1977), and w ith  exogenous con tro l (Schroder 
1962; E nrigh t and Honneger 1977)* The function  o f  l ig h t  s tim u lu s  as  a 
Z e ltgeber rece iv es  fu r th e r  support from  o bservations th a t w ith o u t the 
s tim u lu s  a sso c ia ted  w ith  sunset, as i n  days longer than 20 hours in  the  
a r c t i c  (Buchanan and Haney 1980), m ig ra tio n  c y c le s  nearly  d isappear. 
M uller (1965) a lso  found evidence th a t  under very long LD oyc les  o f 
23:1, th e  mayfly l a r v a  B aetla  vernus d id  not show s tr e a m -d r if t  
behavior.
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The ac tu a l value of the  s tim u lu s  th re sh o ld  may vary depending upon 
the  l i g h t  In te n s ity  to  which an In d iv id u a l I s  adapted (Rlngelberg, 
e t .a l .  1967). At w h ite  l ig h t  I n te n s i t i e s  of ad ap ta tio n  below U X 1(H> 
Wcm“2, th e  s tim u lu s  necessary to  evoke a  p o s itiv e  ph o to tax ls  i n  50$ o f  
the  observed Dachnia magna rose rap id ly . Above th a t  In te n s i ty  the 
s tim u lu s  requ ired  was nearly  constan t. On dark days, or fo r  deep 
populations, we should thus expect to  f in d  asynChrony among popu la tion  
q u a r t l l e s  In  the EMI, a s  was found In  th is  study.
E nrigh t and Honneger (1977) proposed th a t  food a v a i la b i l i ty  could 
In fluenoe  the tim ing  o f m igrations by s h if t in g  the  phase of an 
endogenous a c t iv i ty  rhythm e n tra in ed  on th e  d a ily  lig h t-d a rk  cycle.
Low food co n cen tra tio n s  would lead  to  m igrations before sunset. I f  low 
food co n cen tra tio n s  Increased  th e  p h o to se n s itiv ity  of the  eye, then a t  
a g iven l i g h t  In te n s i ty  o f ad ap ta tio n  th e re  would be an e a r l i e r  
m ig ra tio n  among p o p u la tio n s  in  le s s e r  food concentrations^ The data 
from t h i s  study, however, showed no s ig n if ic a n t  In flu en ce  fo r  food 
c o n cen tra tio n  on th e  tim e of EMI or on v e lo c ity  of m igrations^ N either 
a food m ediated s h i f t  i n  the tim in g  of the  m ig ra tio n s, nor a  l ig h t -  
a d a p ta tio n  which in flu e n c e s  th e  Z eltgeber, ex p la in s  m ig ra tio n s  delayed 
u n ti l  a f t e r  l ig h t  I n te n s l te s  have ceased changing.
Chfloborus po p u la tio n s  lnduoed to  m igrate  by th e  in tro d u c tio n  of 
tro u t in to  the lake d id  not cease m ig ra tin g  once the  t ro u t  were removed 
(Leucks 1986). Leucka in te rp re te d  th i s  as evidence th a t  th e  tro u t d id  
not provide the proxim al cue fo r  th e  m igration. The d a ta  from th i s  
study showed th a t  th e  range of EMI tim es fo r  nanhnia decreased in  th e  
presenoe of a f is h ,  bu t did not In crease  once th e  f i s h  was removed. 
These o b serv a tio n s  suggest a g e n e tic  oontro l fo r  th e  tim ing  o f the
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m igrations. In  c o n tra s t, t h i s  study in d ic a ted  th a t  the  d is t r ib u t io n  of 
the  popu la tion  in  space i s  reg u la ted  by sensory responses to  food 
a v a i la b i l i ty ,  the  presence of a f is h ,  and d a ily  changes in  c lim a te  and 
food a v a i la b i l i ty .
The complex of r e la t io n s h ip s  c o n tro llin g  p re -m ig ra tio n  depths and 
the s tro n g  s in g le  c o r re la t io n s  fo r  am plitude and tim in g  of the 
m ig ra tio n  (F igure 41) In d ic a te  i t  may be usefu l to  d iv ide  the  m ig ra tio n  
in to  two parts. The day p o rtio n  would be responsive to  Short-term  
changes in  tem peratu re , l ig h t ,  food a v a i la b i l i ty ,  and to  sensory 
p ercep tio n  of th e  presenoe of f ish . The evening phase in c lu d in g  tim ing  
and v e lo c ity  of th e  m ig ra tio n s  would be more d ire c ted  and la rg e ly  under 
co n tro l of a g e n e tic a lly  e s ta b lish e d  cycle o f endogenous a c t iv i ty .  A 
d iv is io n  of v e r t ic a l  m ig ra tion  in to  k in e t ic  and d ire c t io n a l  components 
was suggested by Ringelberg (1981). Such a dual mechanism has a lso  
been proposed fo r  th e  oontro l of s tre a m -d r if t  (Haney e t .a l .  1983).
This proposed model suggests th a t  more in te n s iv e  study of day- 
d is t r lb u t io n s  and of responses to  b io lo g ica l f a c to rs  may be a  f r u i t f u l  
approach to  ex tend ing  our knowledge of reg u la to ry  mechanisms of 
zooplankton v e r t ic a l  m ig ra tio n
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B ris to l* a  B a e d la  f o r  C h lo re lla
(Dr. Leland Jahnke, U niversity  o f New Hampshire)
n u tr ie n ts  ml H2C
1 . NaN03 5 g
CaCl2 .2H20 0 .5  g 200  ml
2 . HgS0 4 . 7 H2o 1.5 g
NaCl 0 .5  g 200  ml
3. K2HP0j, 2 . 0  g
KH2 PO4 3 .0  g 200  ml
4. EDTA (Na) 2 .5  g 50 ml
a d ju s t to  pH 6 .6  w ith d i lu te  H2SOij
5. Fe(NH1| ) 2 (s04 ) 2 0 .7  g 100 ml
a d ju s t  to  pH 6 .6  w ith  2 drops 10$ HgSOij
6 . ZnSOji 0 .9  g
M0 O3 0 .07  g
CuSDjj 0 .08  g (o r  CuS0u. 5H20 .25 g)
CONO3 0 .0  5 g
MnCl2 .4H20 0.14 g 100  ml
a d ju s t  to  pH 6 .6  w ith  1 drop of 10$ H2SO4
Notes
1. Autoclave a l l  stocks with the exception of the Fe(NHj.)2(s04)2, 
autoclaving  the iro n  w il l  reduce i t  to  an in so lub le  ferrous 
p re o ip ita te .
2. Stocks numbered 1—3* use 10 ml per 1000 ml d i s t i l l e d  w ater.
3. S tocks numbered 4 -6 , use 1 ml per 1000 ml d i s t i l l e d  w ater.
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Appendix B
Temperature aeasureaents a t  30 on In  th e columns over the oourae o f
each even in g 's observations.
March
Day 2:
A pril May Ju ly
A B A B A B A
Day 1:
26 26 27 27.75 20 19.5
24.5 24.5 26 26.75 2 0 19 -
- - 26 26.75 19.5 19 25.75
24 24 25 25.75 19.5 19 25.5
24 24 24 24.75 19 19 25.5
23.5 24 23.5 24.2 19 18.5 25








22 2 2 19 19.5 23 23 30 30
2 2 22 19 19 2 2 22 29.5 29 .5
2 2 2 2 18.5 19 22 21.5 29 29
21.5 21.5 18 18 2 2 21 28.5 28.5
21.5 21.5 18 1 8 22 21 28 27.5
21.5 21.5 17.5 17.5 21 20 27 26.5
17 17 21 2 0 26 26
- 16 26 25
Day 3:
23 23 17 17 16 16 28 2 8
23 23 16.5 16.75 16 15.5 27.5 27.5
22 2 2 16 16.5 16 15.5 27 27
2 2 22 16 16 16 15 26.5 26
- 2 2 15 15.5 16 15.5 26 26
21.5 21.5 15 15 15.5 15 25 25
14.5 14.75 15.5 1 5 25 24
14 14 24 24
14 14
Day 4:
28 2 8 22.5 22 20.5 2 0
26 26.5 21.75 21 2 0 19.5
25.5 26 20.5 20.75 19 19
25 25 2 0 20 18.5 18.5
24 24.5 - 19.5 17.75 17.75
24 24 - 19 17 17
- 18 16.5 16
- 17
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March A pril May
Day 5:
21 21 28 28.25 23.5 23
21 21 27.5 28 23 23
21 21 27 27.25 22.5 22
21 21 26 26 2 2 21.5
21 21 25 25.25 21 21
21 21 24 24.5 20.5 20
23.5 24 20 20
19.5 19.5
Day 6 :
20.5 21 19 19 25 25
21 21 19 19 25 24
21 21 19 19 24 24
21 21 18.25 18.25 24 24
21 21 18 18 23.5 23
21 21 17.5 17.5 23 23
17 17 23 23
23 22
Day 7:
23 23 24 23
2 2 23 23 22
23 23 23 22
22.5 22.5 22 22
2 2 2 2 22 21.5











27 27 22 21
27 27 21.5 20.75
27 26.5 21 20.75
26 26 21 20
26 26 20.5 20












































18 17.5 27 27
18 17-75 27 27
18 17.5 26 26
18 1 7.5 26 2 5
18 17.5 25 25
18 17.5 25 24.5
































20 23.0 23.2 23.2
40 23.2 23.2 23*2
60 23.2 23.3 23.2
80 23.2 23.3 23.2
100 23.2 23.2 23.1
120 22.8 23.0 22.8
140 22.5 22.8 22.6
160 22.5 22.5 22.4
180 21.8 22.2 21.8
200 21.6 21.8 21.8
220 21.3 21.5 21.4
240 21.0 21.0 21.0
260 20.5 20.5 20.7
280 20.2 20.3 20.2
300 19.8 20.0 19.8
320 19.6 19.5 19.6
340 19.0 19.0 18.9
360 18.8 18.7 18.5
380 18.2 18.3 18.2
400 17.5 17.8 17.8
410 17.5 17.5 ---
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